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In early 2006 it was estimated that by the end of the year over 200,000 additional 
women will be diagnosed with breast cancer and that almost 41,000 women will die from 
the disease.  Diagnosis of breast cancer often leads to surgical tumor removal and a 
subsequent breast augmentation procedure.  Tissue engine ring methods are currently 
being utilized to develop permanent, biologically based soft tissue restoration methods 
with the goal of rendering current augmentation procedures obsolete.  A minimally-
invasive breast reconstruction option using injectable cellular tissue engineered scaffolds 
has been proposed.  With successful implantation and cellular control, permanent 
biological restoration of adipose tissue can be achieved utilizing autologous patient cells.  
The initiation of tumor reformation in the breast locale is also of concern, and thus the 
delivery of anti-cancer agents via injectable breast tis ue engineering scaffolds is also 
being explored. 
The purpose of this study was to develop and assess a potential key feature in a 
minimally-invasive breast reconstruction device andto collect information for an in vitro 
tissue test system.  Tannic acid is a hydrolysable plant tannin, and it has been determined 
that tannic acid functions as a collagen crosslinking agent through both hydrogen bonding 
mechanisms and hydrophobic effects.  Additionally, current research suggests that tannic 
acid may have anti-tumor properties.  Therefore, it has been proposed that tannic acid can 
be used as an agent to induce apoptotic processes in any transplanted adult stem cells that 
are inclined to spontaneously transform.  Furthermore, collagen scaffolds can be used as 
 iii  
a vehicle to deliver tannic acid to the tissue margins surrounding a tumor following a 
lumpectomy procedure as a form of adjuvant therapy. 
The results presented in this thesis provide information not only about changes in 
characteristics of collagen substrates but also about changes in the behavior of cells that 
were in contact with these substrates.  As the effectiv ness of a minimally-invasive 
injectable device continues to be improved, the appro riate timing of tannic acid, if any, 
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Because of the complications associated with current breast reconstruction 
methods, tissue engineers are researching ways to permanently restore breast tissue 
function and aesthetics, using biological substitutes and classical tissue engineering 
approaches.  Scaffolds with potential for use in mini ally-invasive breast tissue 
engineering applications are currently being designed for implantation via injection, and 
they are characterized for their ability to control cellular activity, encourage tissue 
growth, and temporarily supplement extracellular matrix mechanics.  The initiation of 
tumor reformation in the breast locale is also of cncern, and thus the delivery of anti-
cancer agents via injectable breast tissue engineering scaffolds is also being explored. 
The purpose of the work described in this thesis was to first create two-
dimensional collagen substrates crosslinked with tannic acid and evaluate the cellular 
response of a normal bone-marrow derived stem cell lin  (D1) and a malignant, non-
metastatic breast adenocarcinoma-derived cell line (MCF-7).  Evidence of cell death via 
apoptosis and necrosis was observed, and changes in cell stiffness and differentiation 
potential were evaluated.  Finally, materials were characterized using a variety of 
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In early 2006 it was estimated that by the end of the year over 200,000 additional 
women will be diagnosed with breast cancer and that almost 41,000 women will die from 
the disease [1].  Breast cancer is the most frequently diagnosed cancer in American 
women, and it accounts for approximately 31% of new cancer cases yearly [2].  
Diagnosis of breast cancer often leads to surgical tumor removal and a subsequent breast 
augmentation procedure.  Tissue engineering methods are currently being utilized to 
develop permanent, biologically based soft tissue restoration methods with the goal of 
rendering current augmentation procedures obsolete.  Th  initiation of tumor reformation 
in the breast locale is also of concern, and thus te delivery of anti-cancer agents via 
injectable breast tissue engineering scaffolds is also being explored.  There is further 
potential to apply these concepts toward the development of a tissue test system in which 
cancer progression can be studied in two and three-dim nsional milieux. 
 
Breast Cancer Etiology 
In the body, cells are transformed to express malign nt phenotypes as a result of 
the accumulation of stochastic genetic mutations that can either be inherited or be the 
spontaneous consequences of environmental carcinogens [3-5].  Genetic alterations can 
lead to both constitutive activation of oncogenes (genes that initiate cell proliferation and 
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differentiation) and inactivation of tumor suppressor genes (genes that trigger cessation 
of cell cycle) [3, 5, 6].  Additionally, malignant cells are generally characterized by the 
loss of effective apoptotic mechanisms and contact inhibition in addition to the 








cells ultimately results in tumor formation and the concurrent release of angiogenic 
factors.  The vasculature of primary tumors and of the secondary tumors that evolve 
following metastasis intercepts many of the nutriens required by the healthy tissues that 
they invade [5, 8]; the end result of invasive cancer, if left untreated, is the disruption of 
system-level body functions, tissue necrosis, and organ failure [9].  
The breast is primarily comprised of highly vascularized fatty connective tissue in 
addition to a glandular based epithelium.  Furthermore, the breasts contain milk 
producing lobular structures and ducts, which functio  in milk transport [10-12].  Breast 
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cancer poses such a threat because of the high concentration of local blood and lymphatic 
vessels through which migratory cells can metastasize [13].  
 
 
Figure 1.2  Anatomy of the female breast [14].  
 
Breast cancers are categorized according to the location of the primary tumor in 
addition to tumor grading and staging systems, which have been standardized by the 
American Joint Committee on Cancer [2, 15].  Most breast cancers originate in the ducts 
or lobules of the mammary epithelium and are referrd to as adenocarcinomas.  The 
actively differentiating epithelial cells that line the breasts’ ductal structures are 
responsive to hormonal changes during the distinct stages of female development and are 
thus exceedingly susceptible to mutations during cell division cycles [4, 16, 17].  In rarer 




Histologic tumor grade refers to the level of differentiation of a cancer cell and 
deviation from normal cell morphology.  Therefore, G1 (well-differentiated) cells and G4  
(undifferentiated) cells are given low and high grades respectively [18].   
 
 
Table 1.1  Standardized grading scale [18]. 
 
GRADE  
GX Grade cannot be assessed 
G1 Well differentiated 
G2 Moderately differentiated 





Tumor stage, also assigned between levels 0-4 with 4 being the most severe, takes 
into account the size of the original tumor (T), the involvement of lymph nodes (N), and 
the extent of tumor metastasis (M) [6, 15, 19].  
 
 
Table 1.2  Standardized staging scale [19].  
STAGE  
Stage 0 Carcinoma in situ.  Cells have not spread from the immediate area of 
the primary tumor into the surrounding breast tissue. 
Stage I, II, III Higher numbers indicate larger primary tumor, more lymph node 
involvement, and greater extent of metastasis. 





Cancer Treatment and Breast Reconstruction 
Following the diagnosis of a malignant breast tumor, women can choose from 
several treatment options including radiation therapy, chemotherapy, hormonal therapy, 
and surgery, the latter which involves the removal of a tumor and a margin of normal 
breast tissue.  The removal or partial removal of abreast by mastectomy or lumpectomy 
can be taxing, both physically and psychologically [20, 21].  Nonetheless, because of the 
effectiveness of surgical tumor removal, lumpectomies and mastectomies are frequently 
performed as part of a treatment regimen.  Additionally, the number of women 
undergoing elective breast reconstruction procedures following these surgeries has 
increased tremendously since 1992 largely due to the Women’s Health and Cancer Rights 
Act.  Implemented in 1998, this federal law set guidelines regarding the responsibilities 
of insurance companies to reimburse patients for post-surgical reconstruction procedures 
ranging from alloplastic (saline and silicone) implants to autologous flaps [22].   
Management of breast cancer is often a multi-step process, varying widely from 
patient to patient and generally consisting of a prima y surgical tactic in addition to neo-
adjuvant (pre-surgical) and adjuvant (post-surgical) therapies [23].  The two major types 
of surgeries are lumpectomies and mastectomies; a lumpectomy is often preferred by 
patients because it is a breast-conserving surgery.  Subsequent to tumor removal, women 
can choose from a variety of prosthetic and autologous reconstruction approaches 
including implantations, flap transfers, and fat injections, all of which are associated with 
post-operative complications.   
Artificial or alloplastic implants are constructed from a silicone shell filled with 
either silicone or saline.  The first step in implant reconstruction, if it is not carried out 
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immediately following tumor removal, is the expansion of the skin surrounding the breast 
region.  An expander is inserted behind the pectoralis muscle in the chest wall, and saline 
is progressively added over weeks or months until the skin has stretched sufficiently 
enough to place the implant [24, 25].  However, alloplastic implants may not be a 
permanent solution and can lead to complications including bleeding, fluid collection, 
capsular contracture due to scarring and fibrosis, sil cone toxicity, and infection, the latter 
being the leading cause for implant-associated deaths [26, 27].  Implants can also, in a 
low number of instances, interfere with the diagnosis of recurring tumors, as the 
obstruction of mammographic images has been observed and documented [28].   
During autologous flap reconstructions, a surgeon can transfer tissue from a donor 
site high in fatty tissue content such as the abdomen or buttocks and maintain its 
connection to its original blood supply or remove th issue completely and subsequently 
reattach it to the vascular network of the breast region.  Complications of autologous flap 
procedures include scarring, infection, donor site morbidity, and necrosis of the 
transplanted tissue [23, 25].  Lastly, soft tissue transplants that involve, for example, the 
injection of host fat cells or the transfer of a fat pad to a void space, can be used to 
reconstruct the breast mound.  Fatty tissue transplts are frequently unsuccessful in 
breast reconstruction because revascularization is ften not sufficient enough to support 
tissue growth and allow the integration of the tissue graft.  It has been shown that up to 
40-60% of the original graft volume can be rapidly resorbed, ultimately leading to yet 
another deformation at the transplant site.  Additionally, it has been estimated that fat cell 
harvesting methods such as common mechanical liposucti n techniques can significantly 
reduce cell viability [11, 29, 30]. 
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Breast Tissue Engineering Strategies 
 
Because of the complications associated with current breast reconstruction 
methods, tissue engineers are researching ways to permanently restore tissue function and 
aesthetics, using biological substitutes and classic l t ssue engineering approaches.  For 
almost two decades, tissue engineering has been define  as the application of engineering 
methodology to the branches of life science with the goal of developing biological 
substitutes that “restore, maintain, or improve tissue function” [31].  The goal of tissue 
engineers is to remove the need to implant foreign objects into a patient’s body that cause 
severe inflammatory and immunologic responses such as permanent polymeric and 
metallic devices in addition to allografts and xenografts.  Tissue engineering allows the 
use of patient cells coupled with biodegradable materi ls that elicit only a mild host 
response, a response that may actually aid in initial vascularization of a cellular implant.   
Though advancements in soft tissue engineering strategies are continually being 
made, there are still many challenges that need to be addressed.  To date, de novo 
lipogenesis in animal models has been minimal, and it ot clear whether the presence of 
fat tissue in a histologic specimen is due to migrat on of preadipocytes via induction by 
growth factors (i.e. bFGF) or a result of proliferation of implanted precursor cells [32, 
33].  Major aspects of soft-tissue engineering thatstill require significant consideration 
include the selection of a cell source, the selection of an animal model that can 
adequately mimic human breast tissue, and the task of enabling an implanted construct to 
become sufficiently vascularized to support tissue growth. 
In one particular study by Hemmrich and associates, he implantation of 
preadipocyte-loaded hyaluronic acid-based scaffolds into a mouse model appeared to 
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encourage vascularization and cell spreading and proliferation within the matrices.  
Preadipocytes were chosen as a cell source because, compared to mature adipocytes, they 
retain their capacity to divide and differentiate, and they consume oxygen at a slower rate 
[34].  Fischbach and colleagues have evidence suggetin  that in vitro expansion and 
differentiation of preadipocytes on three-dimensional polyglycolide (PGA) non-woven 
meshes over longer periods of time will ultimately lead to a more histologically relevant 
explant [35].  In order to better retain adipogenic potential of stem cells ex vivo, efforts to 
improve methods of bone marrow derived mesenchymal cell expansion in culture are also 
being explored [36].   
Additionally, tissue engineered constructs have the pot ntial to be implanted in a 
less-invasive manner.  For example, a minimally-invasi e breast reconstruction option 
using cellular tissue engineered scaffolds has been proposed and tested by Burg and 
coworkers [37, 38].  In this system, biodegradable scaffolds constructed from natural and 
synthetic materials can be fabricated in a bead form, small enough for ejection through a 
fine-gauge needle.  A defined proportion of beads can act as cell carriers, providing a 
defined growing surface and mechanical properties that are superior to those found in a 
standard gel suspension.  When seeded on these surfaces, cells can more readily attach, 
and they are better equipped to receive nutrients ad expel waste.  A hydrogel medium, 
which is advantageous because it can conform to a variety of void shapes and sizes, can 
then be used as a vehicle to deliver the cell-material constructs to the malformed breast 
tissue.  Figure 1.3 illustrates the major steps involved in implementing this breast tissue 
engineering technology.  With successful implantation and cellular control, permanent 




Figure 1.3  Minimally-invasive breast reconstruction device.  (1). Patient cells are 
harvested and expanded in culture and subsequently seeded onto biodegradable polymer 
beads, (2). Cellular beads are combined with a hydrogel delivery medium, (3). Cell-
material composite is loaded into a syringe and injected into the breast tissue void space 




Tissue Scaffold Selection 
 
Scaffolds with potential for use in minimally-invasive breast tissue engineering 
applications are currently being designed for implantation via injection, and they are 
characterized for their ability to control cellular ctivity, encourage tissue growth, and 
temporarily supplement extracellular matrix mechanics.  Manipulation of the size and 
shape of selected scaffold materials must be easily chieved, and constructs should be 
biocompatible, biodegradable, and easily manufactured, sterilized, and managed during 
surgical procedures.  They should also guide the differentiation, migration and 
proliferation of cells through either innate or induced bioactivity.  Additionally, scaffold 
materials should possess mechanical properties similar to those of native tissue and 
release non-toxic byproducts.  In order to allow adequate cellular growth, the construct 





the residing cells respectively.  Thus, size of thescaffold should also be taken into 
consideration, not only with respect to method of implantation, but also with respect to 
cellular nourishment and mass transport through the scaffold [39, 40]. 
Type I collagen, a fibrillar protein, is one of the most abundant extracellular 
matrix components, and it has been studied extensivly as a primary substrate for tissue 
engineering scaffolds because it is intrinsically bioactive, mildly antigenic, 
biodegradable, and available in large quantities [41].  It is characterized by trimeric 
molecules composed of alpha chains with amino acid repeat sequences (glycine-proline-
hydroxyproline) that form helical structures in vivo [41-43].  Additionally, collagen can 
be modified with a variety of crosslinking agents that stabilize individual fibrils through 
covalent and hydrogen bonding mechanisms; the introduction of crosslinking agents into 
collagen scaffolds leads to altered mechanics as well as decreased thermal and enzymatic 
degradability, and crosslinking agents give tissue engineers the ability to tailor rates of 
biodegradation [41].  Though traditional fixatives such as glutaraldehyde can create 
highly crosslinked substrates, the resulting substrates are often cytotoxic [44, 45].  
Consequently, the idea of a novel, biocompatible, crosslinked collagen scaffold for tissue 
engineering applications is still being explored.  Polyphenols, which are associated with 
many secondary activities in plants, are currently being studied for their ability not only 
to act as protein stabilizers, but also to perform as antioxidants, bacteriocides, and 









Figure 1.4  The structure of type I collagen. (A).  Sequence 
of amino acids that form the primary chain, (B).  Left-
handed helical secondary structure and right-handed triple-




The Role of Plant Tannins in Medicine 
 
Plant phenolic compounds, specifically a subcategory f these polyphenols 
referred to as vegetable tannins with molecular weights ranging from 500-3000Da., have 
long been used as tanning agents in the leather industry because of their ability to bind 
and precipitate proteins following extraction from their plant source [46, 47].  Tannins 
essentially act as crosslinking agents that interac with the dermal collagen fibers of 
animal hides, enhancing overall mechanical and thermal stability.  In a biomedical 
context, curcumin, which is a naturally occurring o-methoxyphenol derivative, was 
incorporated into collagen films with dermal wound healing applications [48].  Kim and 
coworkers altered chitosan/gelatin films by crosslinking them with proanthocyanidin in 




coworkers, it was deduced that there are four major f ctors that govern the interactions 
among tannins and proteins, which are described below [50]. 
 
I. Galloyl groups of polyphenols act as functional groups. 
 
II.  Strength of interactions is dependent upon molecular weight, number of 
galloyl groups, and hydrophobicity of the polyphenol. 
 
III.  Hydrophobic interactions are significant. 
 
IV.  Strength of interaction is dependent upon flexibility of galloyl groups.  
 
Tannins are not involved in primary plant metabolic processes but are biologically 
active secondary metabolites that play a role in, for example, toxicity to prevent 
herbivory [51].  These water soluble compounds are further categorized as condensed and 
hydrolysable tannins, all of which have different chemical structures and collagen 
crosslinking capabilities.  Condensed tannins are characterized by the polymerization of  
flavanol subunits via carbon-carbon bonds, where functional groups (R1, R2, and R3)  





Figure 1.5  The flavanol repeat 





Tannic acid, which will remain the focus of this thesis, is specific to the class of 
hydrolysable tannins, and it is comprised of a pentagalloylglucose core esterified at all 




Figure 1.6  The structure of tannic acid.  
The shaded region surrounds the 




Tannic acid is one of the most popular leather tanning agents, and its prevalence 
in more recent medical literature has been in the areas of wound healing, dental 
restoration, and bioprosthetic heart valve replacement, among others [55-57].  It has been 
determined that tannic acid functions as a collagen crosslinking agent through both 
hydrogen bonding mechanisms and hydrophobic effects.  The proposed mechanism of the 




Figure 1.7  Proposed crosslinking 





Historically, tannic acid was used as a topical agent in burn wound care to fix the 
denatured matrix proteins of damaged skin in an effort to minimize pain, infection, and 
healing time.  Its use in medicine was pioneered by Dr. E. Davidson who published a 
report on the treatment of burn patients with tannic acid in Surgery, Gynaecology, and 
Obstetrics in 1925 [58, 59].  The use of tannic acid in the mdical arena was thereafter 
discontinued because of toxic effects related to release of gallic acid byproducts, which 
results from tannic acid degradation.  
Nevertheless, because of improvements made in the extraction, separation, and 
purification techniques, tannic acid has since been studied extensively as a possible 
candidate for anti-tumor therapies [55, 60].  Because excess tannin production has been 
observed in “sick” plants, it is believed that these extracts can have a number of 
medicinal applications [61].  Increased apoptotic ativity has been observed in 
tumorigenic cells in response to tannin extracts [62-64].  Cell death via apoptosis can be 
distinguished from necrotic cell death by identificat on of distinct morphological changes 
including cell shrinkage, chromatin condensation, nuclear fragmentation, and 
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cytoplasmic budding or “blebbing” [65, 66].  Likewise, a variety of biological assays can 
be performed to measure, for example, changes in enzymatic activity or 
phosphatidylserine translocation.   
Apoptosis is a normal physiological process often evad d by malignant cells that 
can be induced by the ligation of cancer drugs to membrane receptors or through 
regulation of nuclear receptors, though the mechanisms appear to be both drug and cell 
dependent [67, 68].  Current research suggests that peroxisome proliferator activated 
receptors (PPARs), which are transcription factors hat belong to the family of nuclear 
hormone receptors, may be involved in tannin related cell death [69].  PPARγ tends to be 
overexpressed in a number of tumorigenic cell lines, and it is also largely expressed 
during the transition of a preadipocyte to a mature adipocyte [70, 71]; not surprisingly, 
both interference in the adipocyte differentiation pathway and lipolysis have been 
observed following treatment with tannic acid and grape seed extract respectively [72, 
73].  Therefore correlations can be made between th mechanisms regulating adipocyte 
proliferation and differentiation and apoptotic activity of malignant cells. 
 Most hydrolysable tannins induce a caspase-dependent apoptotic pathway in 
malignant cells, though the mechanism by which thisoccurs is still under investigation.  
Caspases are categorized as a family of protease enzym s, and they are associated with 
the induction of apoptotic mechanisms [65].  Caspases are synthesized as zymogens and 
acquire specificity toward aspartic acid residues following activation.  There are several 
known pathways involved in caspase activation, but tannins are often linked with the 
apoptosome (intrinsic) pathway, which is associated with an efflux of cytochrome-c from 
the mictrochondrial membrane following cell damage [74, 75].  Because it is sometimes 
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unknown whether a particular stimulus will initiate the intrinsic or extrinsic apoptotic 
pathway, the increase in activity of a downstream effector enzyme (i.e. caspase-3) at the 
convergence of the two pathways is often quantified.     
 
 
The Breast Tumor Microenvironment 
 Both inherited and acquired genetic mutations are responsible for alterations in 
the cell cycle, but epigenetic factors can also profoundly affect tumor initiation and 
progression.  There is evidence indicating that interactions among malignant cells with 
the surrounding stromal tissue have the strong capacity to influence patterns of tumor 
growth and metastatsis [76, 77].  Bissell and LaBarge note that the microenvironments of 
both normal and malignant cells are responsible for controlling phenotypic expression 
[78].  Therefore, in a tissue engineering context, consequences following the injection of 
normal cells into an environment in which a tumor previously existed must be 
considered; the introduction of stem cells, which by nature have high degree of plasticity, 
considerable proliferative capacity, and an increased probability of acquiring genetic 
mutations, could result in the formation of a new tumor if a combination of physical and 
chemical signals are available to the cells [79].   
In one particular in vitro study, Rubio and associates demonstrated that adipose-
derived mesenchymal stem cells were inclined to spontaneously transform in long-term 
culture, and they argue that this data suggests the use of adult stem cells in regenerative 
medicine may not be as “risk-free” as believed [80].  Additionally, it has been 
hypothesized that there is only a small population of cells within the mass of certain 
cancers, including breast cancers, that have the ability to initiate tumor formation, and 
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they are referred to as tumor stem cells [81].  Currently, many researchers are still trying 
to determine if the origin of a tumor stem cell is a multipotent adult stem cell [82, 83]. 
 
 
Applications for Tannic Acid Crosslinked Collagens  
Because of the widespread use of collagen in current tissue engineering 
applications and the recent advances in purification of tannic acid, the combination could 
prove to be an effective composite material that has t e potential to fulfill multiple goals 
for breast cancer patients: 
 
 
1. Crosslinked collagen beads of an injectable size that function as a distinct 
component of a minimally-invasive breast reconstruction device can serve as 
temporary biodegradable scaffolds on which cells can attach, proliferate, and 
differentiate.  Ultimately, these collagen beads will aid in the reformation of 
new adipose tissue in the breast. 
 
 
2. Tannic acid incorporated into breast tissue engineered scaffolds can be 
released within the proposed region of engineered adipose tissue as scaffold 
degradation occurs to prevent reformation of new tumors in the former breast 
tumor microenvironment.  It has been proposed that tannic acid can be used as 
an agent to induce apoptotic processes in any transpl ted adult stem cells that 




3. Collagen scaffolds can be used as a vehicle to deliver tannic acid to the tissue 
margins surrounding a tumor following a lumpectomy procedure as a form of 
adjuvant therapy.  Studies have shown that common adjuv nt and neo-
adjuvant therapies, both systemic and localized, greatly reduce the risk of 
repeat tumorigenesis [84].  Since 1985, mortality rates in the US continue to 
decline due to better use of adjuvant therapies [85].  Currently, more women 
opt for lumpectomies (breast conserving surgeries) n order to maintain 
aesthetic value of the breast.  This surgical method, though usually highly 
effective, can leave the patient with a risk of local recurrence, as described by 
Singletary [86].  Therefore, tannic acid released from collagen scaffolds 
injected at the surgical margins of a tumor has potential to induce apoptosis in 
any residing malignant cells. 
 
 
In addition to the direct benefits that these scaffolds can provide to breast cancer 
patients who desire elective breast reconstruction following tumor surgery, tannic acid 
crosslinked collagens can also be used as a component f an in vitro test system with 
which the initiation and progression of breast cancer can be studied.  The interactions 
among different cell types, both normal and malignant can be observed in both two and 
three-dimensional milieux.  Likewise, relationships between the behavior of cells and the 
characteristics of the substrates on which they reside can be better understood.  The idea 
of using a tissue engineered test system is a relativ ly new concept, but progress has 
already been achieved in the areas of mammary and vscular biology, among others  [87, 
88]. 
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The purpose of the work described in this thesis was to first create two-
dimensional collagen substrates crosslinked with tannic acid and then evaluate the 
cellular response of a normal bone-marrow derived st m cell line (D1) and a malignant, 
non-metastatic breast adenocarcinoma-derived cell lin  (MCF-7).  Evidence of cell death 
via apoptosis and necrosis was observed, and changes i  c ll stiffness and differentiation 
potential were evaluated.  Finally, materials were characterized using a variety of 
analytical techniques.  
 
 
Materials and Methods 
 
 In order to properly assess the potential for tannic acid crosslinked collagens as a 
functional component of a breast tissue engineered injectable composite system and 
obtain pertinent information for an i vitro test system, changes in both cell activity and 
substrate characteristics were evaluated.  To ensur the reproducibility of substrates and 
therefore consistency in cell and material behavior, c llagen samples were crosslinked in 
two-dimensional conditions.  
The changes in material properties and mechanics of collagen were evaluated 
after preparation of mesh-supported collagen membranes.  Images of the membranes 
were taken using a scanning electron microscope in order to observe effects to the surface 
texture.  A variety of techniques were then used to make correlations between mechanical 
properties and the degree of crosslinking of collagen fibrils.  Membrane stiffness 
measurements were recorded using an atomic force microscope, and the thermal 
denaturation temperatures of the films were confirmed through observation of a 
shrinkage temperature.  Lastly, the quantity of tannic acid released from the substrates 
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while in culture was calculated by using high performance liquid chromatographic 
methods.   
 
 
Figure 1.8  Material characterization methods. 
 
Changes in cellular activity were evaluated using a variety of qualitative and 
quantitative methods.  Since apoptotic and necrotic effects of drugs are both cell and dose 
dependent, the metabolic activity of MCF-7 and D1 cell lines was quantitatively 
evaluated first on tissue culture polystyrene surfaces so that a range of useful tannic acid 
solution concentrations could be obtained.  Next, the induction of apoptotic activity of 















MCF-7 cells was determined by quantifying caspase-3 activity and utilizing 
immunofluorescence staining techniques to tag phosphatidylserine molecules on the outer 
membrane surfaces.  Additionally, the differentiation potential of D1 cells was assessed 
by quantifying lipid production following the addition of a lipid-inducing cocktail.  
Finally, the stiffness of single D1 cells was measured using an atomic force microscope 
so that the interactive effects of scaffold stiffness and drug toxicity could be better 
understood.  Crosslinked collagen substrata were prepared as well-plate coatings for most 
cellular based studies to improve uniformity in cell s eding densities.  
 
 
Figure 1.9  Cell activity characterization methods. 
























Preparation of Collagen Substrates Crosslinked with Tannic Acid 
 
Two-Dimensional Collagen Coatings 
 
 Collagen coatings were prepared on tissue culture polystyrene well plates 
(Corning, Inc., Corning, NY) using aseptic techniques.  All sterile procedures were 
conducted in a SterilGARD III Advance laminar flow Class II Biological Safety Cabinet 
(The Baker Company, Sanford, ME).  Collagen coatings served as substrates for a 
majority of the cellular studies due to the consistent cell seeding densities that could be 
achieved on these surfaces.  
Only small volumes of the collagen solution were combined in a 15mL plastic 
centrifuge tube for immediate use.  Six milliliters of a 0.5mg/mL collagen solution were 
prepared on ice using the following components: 
 
• 1.0mL collagen stock solution – PureCol™, 3.0mg/mL bovine dermal 
collagen solubilized in 0.012N HCl  (Inamed Biomaterials, Fremont, CA) 
 
• 111µL 10X Dulbecco’s Phosphate Buffered Saline (DPBS) (Invitrogen, 
Grand Island, NY) 
 
• 600µL Fetal Bovine Serum (FBS) (Mediatech, Inc., Herndon, VA) 
 
• 4.3mL 1X Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen) 
 




The solution described above was pipetted into 12-well plates at 450µL per well.  
Collagen gels were formed via polymerization in an incubator at 37ºC and 5% CO2 for at 
least 4 hours or overnight.  Gel coatings were rinsed in sterile distilled water until clear, 
with water changes as necessary, and then covered in tannic acid (Sigma, St. Louis, MO) 
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solutions ranging from 0-1wt% (0-10mg/mL) for 4 hours to allow permeation of the 
solutions throughout the entire thickness of the gels.  All tannic acid solutions were 
prepared in distilled water, heated to a simmer, and filter sterilized (Nalg Nunc Corp., 
Rochester, NY) using a 0.22 micron filter.  Coatings were subsequently dried while 
covered overnight, placed in an incubator with cellu ture media for 30 minutes prior to 
cell seeding, and rinsed one time with additional culture medium to remove any poorly 
incorporated tannic acid from the surfaces.   
 
Two-Dimensional Collagen Membranes 
 
 Collagen membranes were constructed using a modified method reported by R.B. 
Vernon and associates [89].  Plastic, 150mm petri dishes (VWR, West Chester, PA) were 
covered in a layer of Parafilm (Pechiney Plastic Packaging, Menasha, WI), which 
provided a hydrophobic surface.  Eight support rings with an inner diameter of 
approximately 8mm were punched from a sheet of polypr pylene mesh (Spectrum 
Laboratories, Inc., Rancho Dominguez, CA) and subsequently taped to the Parafilm.  The 
petri dishes were covered and sterilized using an Anaprolene®74i ethylene oxide 
sterilizer (H.W. Anderson Products, Inc., Haw River, NC) with settings for a 12-hour 
cycle.  The sterile packages were degassed for 2 hours using alternating cabinet 





A volume of sterile collagen solution sufficient toprepare eight membranes 
consisted of the following components: 
 
• 1.5mL collagen stock solution  
• 167µL 10X DPBS 
• 225µL FBS  
• 358µL 1X DMEM (Invitrogen) 
• 20µL 1N NaOH 
 
The final concentration of the solution was 2.0mg/mL collagen.  Using sterile 
techniques, a 225µL volume of the solution was pipetted into the center of each 





Figure 1.10  Fabricating two-





  The Petri dish was covered and transferred to an incubator at 37°C and 5% CO2 
for 90 minutes to allow collagen polymerization.  The polypropylene-collagen constructs 
were removed from the Parafilm and placed in sterile water for 4 hours to remove 
unincorporated salts.  Collagen membranes were allowed to air dry overnight at room 
temperature in a laminar flow hood.  Crosslinking of c llagen membranes was conducted 
after drying.  The membranes were placed in appropriate tannic acid solutions for 4 
hours, and they were redried for characterization purposes. 
 
 
Characterization of Tannic Acid Crosslinked Collagen  
Several widely used characterization techniques were employed to evaluate the 
effect of tannic acid on the material and mechanical properties of collagen substrates. 
Specifically assessed were the thermal denaturation temperatures and the stiffnesses of 
the prepared substrates.  Additionally, microscopy images were acquired, and the release 
profile of tannic acid from the materials was quantified.  Essentially, changes in material 
and mechanical properties were related back to the degree of crosslinking that resulted 
from varying concentrations of tannic acid solutions. 
 
 
Gomori’s One-Step Trichrome Stain 
 
To ensure that collagen distribution on the plate surfaces was consistent and that 
the coatings remained attached to the polystyrene after several days in culture, collagen 
coatings were prepared in 12-well plates as described above and observed with a 
collagen-specific stain.  The coatings were crosslinked in tannic acid solutions with 
concentrations including 0.1% and 1.0% (1mg/mL and 10mg/mL), or they were left 
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uncrosslinked as experimental controls.  Each experimental group was prepared in 
triplicate, and two separate plates were used; the plates with prepared coatings were 
seeded with D1 cells or remained acellular. 
Gomori’s One-Step Trichrome Stain (Poly Scientific, Bay Shore, NY) was used 
to observe both cellular and acellular coatings.  The images obtained following staining 
also gave preliminary information about changes in cell morphology, attachment, and 
tolerance to different substrates.  The staining procedure used was a modified protocol 
suggested by the manufacturer.   
 
 
Figure 1.11  Two plates were prepared 
with collagen coatings for Gomori’s 
One-Step Trichrome Stain. 
 
 
  Cells were seeded at 20% confluency, and culture medium was changed daily 
for 72 hours.  Wells containing both cellular and acellular collagen coatings were covered 
in Bouins Fixative and stored overnight in a chemical hood at room temperature.  The 
fixative was then removed and discarded, and wells were rinsed in running distilled water 
until the yellow coloring caused by the fixative disappeared.  If coatings were seeded 











combining equal parts of Weigerts Iron Hematoxylin A&B) for 3 minutes and washed 
again in distilled water.  All wells were then covered in Gomori’s One Step Trichrome 
Stain for 10 minutes, after which the excess stain was discarded and wells were covered 
with 0.5% aqueous acetic acid for 2 minutes.  Cells and coatings were examined using an 
Axiovert 135 inverted microscope (Zeiss, Germany) and an ImagePro 5.1 software 
package.  Following the staining procedure, collagen appeared green and cell nuclei 
appeared dark purple.  
 
Thermal Denaturation 
 Collagen membranes were prepared as described above and crosslinked for 4 
hours in tannic acid solutions with concentrations i cluding 0.01%, 0.1%, and 1.0% 
(0.1mg/mL, 1mg/mL, and 10mg/mL), or they were left uncrosslinked as experimental 
controls.  Five membranes were prepared for each experimental group. 
 
 
Figure 1.12  Crosslinked collagen 
membranes for determination of thermal 
denaturation temperature.  A) 0% tannic 
acid crosslinking solution concentration, B) 









Membranes were air-dried and subsequently dyed to make them more visible 
prior to testing by covering them in blue food coloring for 1 minute.  A 100mL glass 
beaker containing 50mL PBS was heated at approximately 4-5ºC/minute on a hot plate.  
Dyed membranes were placed in cold PBS and heated un il an abrupt shrinkage occurred, 
at which time the temperature was recorded with a termometer at the surface of the 
liquid.  
 
Scanning Electron Microscopy 
 The scanning electron microscope (SEM) uses a beam of electrons, instead of a 
light source, to create images as the electrons hit the surface of the sample and secondary 
electrons are disrupted.  The image displayed is a representation of the number of 
secondary electrons displaced by the beam and then counted by a detector.  The SEM is a 
useful tool because it provides a large depth of field and high resolution and 
magnification.   
Collagen membranes were prepared as described above and crosslinked for 4 
hours in tannic acid solutions with concentrations i cluding 0.01%, 0.1%, and 1.0% 





Figure 1.13  Crosslinked 
collagen membranes for scanning 
electron microscopy.  A) 0% 
tannic acid crosslinking solution 
concentration, B) 0.01%, C) 




  After air drying, membranes were rehydrated in order to swell the constructs so 
that spacing between individual collagen fibrils was increased.  Hydrated membranes 
were fixed in modified Karnovsky’s fixative, which was prepared by combining 2% 
glutaraldehyde and 4% paraformaldehyde in a 0.1M phos ate buffer.  Following 
fixation, membranes were rinsed in PBS and then slowly dehydrated in ascending 
concentrations of ethanol, as listed in Table 1.3.  Following dehydration, all samples were 
transported in 100% EtOH to the Clemson University Electron Microscope Research Lab 
and subsequently critical point dried using liquid carbon dioxide.  All samples were then 
sputter coated with platinum for 2 minutes with a Hummer® 6.2 sputter coater (Anatech 
LTD, Union City, CA), and they were mounted on 125mm sample holders for viewing.  
A Hitachi S3500N variable pressure SEM (Hitachi Scien e Systems, Japan) was used to 








Table 1.3  Ethanol dehydration 
gradient for SEM samples. 
 














Atomic Force Microscopy 
 The atomic force microscope (AFM) is an instrument that can be used to measure 
forces transmitted by materials in a nano-Newton to micro-Newton scale after a small 
probe contacts and indents a surface.  Forces are quantified indirectly as the system 
measures deflection of a cantilever tip, which makes an indentation in the material 
surface and then is quickly drawn back.  Force curves can be obtained by plotting the 
position of the free cantilever end in the z-axis.  When a sample is assessed, the cantilever 
tip is positioned above the sample, and deflection only occurs if there is a long-range 
attractive or repulsive force between the material and the tip.  Subsequently, the tip is 
moved closer to the surface where shorter-range attractive and repulsive forces can be 
sensed.  If an attractive force exists, the cantilever tip may “jump” to the material surface.  
As the cantilever tip is pushed further into the surface of the sample, it will continue to 
deflect, providing it is stiffer than the material.  When the cantilever tip with known 
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Figure 1.14  Elements of atomic force microscopy.  1) X-Y-Z 
Piezo transducer, 2) Sample, 3) Cantilever tip, 4) Laser beam, 
5) Mirror, 6) Photodiode. 
 
 
In this particular experiment, the changes in stiffness of collagen substrates as a 
result of tannic acid crosslinking were evaluated using a Veeco Instruments Dimension 
AFM with a nanoscope IV controller (Veeco Instruments, Inc., Woodbury, NY).  
Collagen membranes were prepared as described above nd crosslinked in tannic acid 
solutions for 4 hours with concentrations including 0.01% and 0.1% (0.1mg/mL and 












Figure 1.15  Crosslinked 
collagen membranes for atomic 
force microscopy.  A) 0% 
tannic acid crosslinking 
solution concentration, B) 




  The cantilever (DNP, Veeco Probes, Santa Barbara, CA) was chosen with a 
spring constant of 0.32N/m, and the controls of the instrument were set at a speed of 
1µm/s with a ramp of 3µm (travel distance of the piezo tube) to minimize hysteresis.  All 
collagen membranes were attached to a clean glass slide, rehydrated in PBS prior to 
experimentation, and evaluated in a fluid environmet of PBS.  Two separate membranes 
were evaluated for each experimental group with 5 curves obtained at 3 different spots in 
the center of the membranes.  The second and third cu ves were recorded using 











The Hertz model is a simple, analytical, elastic, and isotropic theoretical model 
that can be used to extract quantitative measures of mechanical stiffness from AFM 
nanoindentation [90].  This model has a closed form analytical solution that makes it easy 
to obtain an apparent elastic modulus. This algorithm can be used to model the tip as a 












F D  
 
In this equation, variables are defined as follows: 
 
• F = Indentation Force (N) 
• E = Apparent Elastic Modulus (Pa) 
• ν =  Poisson’s Ratio (~0.5 for most cells) 
• D = Indentation Depth (m)  
• α = Cone Angle (35° for the standard AFM contact mode tip used here)  
 
The Hertz model is based on the assumptions that the ip is much stiffer than the 
substrate and that the substrate is a flat, linear, isotropic, and elastic material of infinite 
length and thickness.  Given these assumptions, the model is only valid in the small 
indentation regime. Therefore, to obtain an apparent elastic modulus, the model was fit to 




High Performance Liquid Chromatography 
 High performance liquid chromatography (HPLC) is a technique that has many 
applications including purification and separation, but it was specifically used in this 
project to quantify the amount of tannic acid in a known solution.  Analytical HPLC, 
which is used to identify and quantify a specific compound, is accomplished by taking 
advantage of the concept that different compounds will have varying migratory rates 
through a specific column and mobile phase.  In order to quantify a specific compound in 
solution, a series of standard solutions with known co centrations are first injected into 
the column to obtain a standard curve.  Then, a small volume of each of the experimental 
solutions is injected and compared to the standard curve.   
The HPLC system includes both a mobile phase and stationary phase.  The mobile 
phase is the solvent continuously injected into the column, the latter which serves as the 
stationary phase.  Retention time of a specific comp und as it travels through the column 
is based on non-covalent interactions among the mobile phase, stationary phase, and 
compound of interest.  So, if the non-covalent interactions between the compound of 
interest and the stationary phase are stronger than t t of the compound and mobile 
phase, the compound will elute from the column lessquickly and have a longer retention 
time.   
 When collagen substrates were crosslinked in known co centrations of tannic 
acid, the amount of tannic acid released from each substrate after a period in culture was 
unknown.  Therefore, HPLC was used to determine the amount of tannic acid released 
into cell culture medium following cell seeding and substrate degradation.  Collagen 
coatings were prepared as described above in wells of a 12-well plate and crosslinked in 
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tannic acid solutions for 4 hours with concentrations including 0.1% and 1.0% (1mg/mL 
and 10mg/mL), or they were left uncrosslinked as experimental controls.  
 
 
Figure 1.16  Two plates were prepared 




Coatings were dried while covered overnight at room te perature, rehydrated in 
cell culture medium, and subsequently seeded with D1 cells at a density of approximately 
1.0X105 cells/membrane.  Two milliliters of culture medium were pipetted into each well 
containing a cellular collagen coating.  Cell-material constructs were incubated at 37ºC 
and 5% CO2 for 24 hours after which the culture medium was colle ted and replaced.  
The culture medium was replaced again at 48 hours and collected at 72 hours post cell 
seeding.  Each of the 3 experimental conditions was repeated in triplicate for the 24 hour 
and 72 hour time point, and culture medium was colle ted into separate containers 
 To extract tannic acid, a modified protocol described by Zhu and associates was 
employed [92].  One milliliter of culture medium from a single well was added to 1mL of 
1M H2SO4 in a glass culture tube with PTFE-coated screw caps (Sigma).  Each tube was 











ethyl acetate by mixing on a rotator mixer overnight.  After centrifugation at 1800g for 15 
minutes, the organic phase was pipetted into a separate glass tube.  This extraction 
procedure was repeated, and the organic phases from each tube were added to their 
counterparts from the previous extraction.  The combined ethyl acetate extracts were 
allowed to evaporate overnight, and then they were dri d with nitrogen blow at about 
40ºC.  The residues were dissolved in 500µL of methanol and transferred to glass HPLC 
autosampler vials (VWR). 
 Additionally, a range of standard tannic acid soluti ns was prepared by dissolving 
tannic acid in methanol in concentrations listed in Table 1.4.  Samples were assessed 
using an autosampler injection sequence with an HP 1100 Series HPLC Autosampler  
and a µBondapak C18 reversed-phase column.   
 
Table 1.4  Standard tannic 

















The mobile phase consisted of solution A (water containing 0.025% phosphoric 
acid) and solution B (methanol containing 0.025% phosphoric acid).  The gradient of the 
mobile phase was set as follows: 
 
• 10% solution B at 0 minutes 
• 64% solution B at 18 minutes 
• 100% solution B at 20 minutes 
• 10% solution B at 22 minutes 
 
A volume of 10µL of each sample was injected into the system for analysis, this 
step was performed in doublet for each sample.  The flow rate of the system was set at 
1mL/min and a detection wavelength of 254nm was used to observe changes in the 
column effluent and create a corresponding chromatogr ph as the light beam passed 
through the sample. 
 
Effect of Tannic Acid on Cell Metabolic Activity 
Metabolic activity assays provide a simple means to quantitatively measure and 
correlate the amount of cellular activity in an in vitro culture system to the extent of 
proliferation.  A metabolic activity assay is often used in toxicity testing, and in this 
experiment was used to obtain preliminary data thatcould then be compared to other 







MCF-7 and D1 cell lines (American Type Culture Collection (ATCC), Manassas, 
VA) were cultured according to the distributor’s suggested protocol.  MCF-7 cells are 
human, estrogen-dependent, non-metastatic breast cancer cells derived from the 
metastatic site of an adenocarcinoma.  The D1s are murine bone marrow stromal cells 
that can be maintained undifferentiated in culture but that have the potential to 
differentiate into chondrocytes, osteocytes, or adipocytes when subjected to a particular 
culture environment.   
The MCF-7 cell line was maintained in Eagle’s Minimal Essential Medium 
(ATCC) containing Earle’s Balanced Salt Solution, 2.0mM L-glutamine, 1.0mM sodium 
pyruvate, 0.1mM nonessential amino acids, and 1.5g/L sodium bicarbonate, and 500mL 
were supplemented with 5mg bovine insulin (Sigma), 50mL FBS, 5mL 
antibiotic/antimycotic (AA) (Invitrogen), and 1mL fungizone (Invitrogen).  D1 cells were 
maintained in DMEM (ATCC) containing 4mM L-glutamine, 1.5g/L sodium bicarbonate, 
and 4.5g/L glucose, and 500mL were supplemented with 50mL FBS, 5mL AA and 1mL 
fungizone.  The culture medium was replaced every 48-72 hours.   
In various studies, D1 cells that had proliferated to 100% confluence were 
introduced to an adipocyte differentiation-inducing cocktail; this cocktail was prepared 
by supplementing 10mL of the D1 culture medium described above with 1mL of 5mM 3-
isobutyl-1-methylxanthine (IBMX) (Sigma), 1mg insulin, and 2µL dexamethasone 





MCF-7 and D1 Cells Seeded on Tissue Culture Polystyrene 
MCF-7 and D1 cells were seeded on tissue culture polystyrene 12-well plates at 
an initial density of 1X105 cells/well, and maintained in 2mL of the appropriate culture 
medium.  Cells were allowed to attach for 24 hours, after which tannic acid treatments 
were introduced directly into the culture medium.   
Cells were treated in triplicate with concentrations i cluding 5µg/mL, 25µg/mL, 
and 50µg/mL, or they were left untreated as experimental controls.  The metabolic 
activity was evaluated at 24, 48, and 72 hours posttrea ment.  A separate plate was used 
for each time point, and treatment medium was replac d every 24 hours.  An 
alamarBlue® Assay (BioSource, Camarillo, CA) was used to determine the differences in 
cell metabolic activity that resulted from different tannic acid concentrations.  A 10% 
solution of alamarBlue® dye in fresh culture medium was prepared and added to the 
wells being evaluated after treated medium was aspir ted.  Cells were incubated at 37ºC 
and 5% CO2 for 2 hours to allow for a color change in the dye.  The alamarBlue® Assay 
works via an oxidation-reduction reaction by which the dye is reduced by the removal of 
oxygen and its subsequent replacement with hydrogen.  The latter is an event that occurs 
during the citric acid cycle of a viable, metabolica ly active cell.  Following incubation, a 
150µL sample of the culture medium was transferred to a black, Costar® 96-well plate 
(Corning, Inc.) in triplicate, and the plate was read using a Fluroskan Ascent FL 
fluorescent plate reader (ThermoLabsystems, Franklin, MA) using an excitation 
wavelength of 544nm and an emission wavelength of 590nm. 
Additionally, the metabolic activity of differentiaed D1 cells was evaluated.  D1 
cells were seeded at 20% confluence in 12-well plates nd introduced to an adipocyte 
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differentiation-inducing cocktail, described above, when the cells reached 100% 
confluence at day 5.  Cells were allowed to differentiate for 6 days, after which tannic 
acid treatments were added in triplicate to the medium in the concentrations listed above.  
The alamarBlue® Assay was conducted at 24, 48, and 72 hours post treatment.   
 
MCF-7 and D1 Cells Seeded on Collagen Coatings 
Collagen coatings were prepared on 12-well plates as described above and 
crosslinked in triplicate for 4 hours in tannic acid solutions with concentrations including 
0.01%, 0.1%, and 1.0% (0.1mg/mL, 1mg/mL, and 10mg/mL), or the coatings were left 
uncrosslinked as experimental controls.  Cells were se ded onto collagen coatings at a 
density of 1X105 cells/well, and the metabolic activity was determined using an 
alamarBlue® Assay at 24, 48, and 72 hours post cell seeding.  A separate plate was 
prepared for each cell type and time point, for a tot l of six coated plates; the cell culture 
medium was replaced every 24 hours.  Methods used to carry out the assay were identical 
to those described above. 
 
 
Figure 1.17  Six plates were prepared 
with collagen coatings for an 














Effect of Tannic Acid on D1 Differentiation and Lipid Production 
Total Triglyceride Assay 
The total triglyceride concentration contained within cells was used to determine 
the effect of tannic acid on the differentiation of D1 cells in an adipogenic cocktail.  D1 
cells were seeded at 20% confluence onto collagen coatings that had been prepared on 
12-well plates.  Coatings were crosslinked in tannic acid solutions with concentrations 
including 0.01% and 0.05% (0.1mg/mL and 0.5mg/mL), or they were left uncrosslinked 
as experimental controls. 
 
 
Figure 1.18  One plate was prepared 





Cells were cultured until 100% confluence was reachd, and then the adipogenic 
cocktail was added to the culture medium.  Because the rate of cell proliferation was 
altered by increasing concentrations of tannic acid, the cocktail was added to the medium 
on the following days, once confluence on the respectiv  coatings was achieved.  
Timelines are listed in Table 1.5.  A modified protocol developed by Zen-Bio, Inc. [93] 











introduction of the adipogenic cocktail.  The culture medium was aspirated and cells were 
rinsed twice with PBS.  One milliliter of a 1% Triton X-100 (Fisher) solution in PBS was 
added to each well, and a cell scraper was used to destroy the collagen coatings and 
damage the cell membranes.  The entire contents of each well were transferred to 1.5mL 
microcentrifuge tube (VWR) and subjected to 3 freeze-thaw cycles consisting of 15 
minutes in liquid nitrogen followed by 15 minutes in a 37ºC water bath, to continue the 
cell lysing process.   
 
Table 1.5  Cell culture timeline for total triglyceride determination. 
 
Tannic Acid Crosslinking 
Solution Concentration 
First Day of Adipogenic 
Cocktail Following Cell 
Seeding 
Day of Triglyceride Assay 
Following Cell Seeding 
0% Day 6 Day 12 
0.01% Day 7 Day 13 




Following cell lysis, tubes were centrifuged at 10,000rpm for 5 minutes, and the 
supernatant was transferred to a QIAshredder spin column and re-centrifuged to further 
remove and solid particles from the supernatant.  A 100µL volume of each sample was 
pipetted in triplicate into a 96-well plate, and 100µL of InfinityTM triglyceride reagent 
(ThermoElectron Corporation, Melbourne, Australia) was subsequently added to each 
well containing either a standard or lysate sample.  The plate was incubated at room 
temperature for 15 minutes, and the relative absorbances of the standards and samples 
were read at 490nm using a spectrophotometer (MRX Revelation TC, Dynex 
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Technologies, Chantilly, VA).  A standard curve was plotted as absorbance versus 
concentration of a gradient of glycerol standard solutions. 
 










0 0 350 
3.125 0.38 349.62 
6.250 0.76 349.24 
12.5 1.50 348.50 
25.0 3.03 346.97 
50.0 6.1 343.90 
100 12.1 337.90 




Oil-Red-O Stain for Lipid 
A quantitative analysis of lipid production by D1 cells after introduction of an 
adipogenic cocktail was performed using an Oil-Red-O stain (Sigma) for lipid.  The 
material preparation, cell seeding, and culture methods described above for the 
triglyceride determination assay were replicated for this experiment.  Following 
differentiation of D1 cells on their respective subtrates for 6 days in an adipogenic 
cocktail, cells were fixed with 2mL 10% formalin for at least 4 hours.  An Oil-Red-O 
stock solution was prepared by dissolving 0.5g powder concentrate in 100mL isopropanol 
and filtering.  A working solution was prepared by combining 60mL stock solution with 
40mL deionized water and filtering.  The fixative was aspirated, cells were rinsed with 
distilled water, and 500µL of the working solution was added to each well.  Cells were 
incubated at room temperature for 15 minutes and then rinsed with distilled water 3 
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times.  Lipid produced by the cell appeared red after s aining, and wells were observed 
using an inverted microscope and imaging software. 
 
Induction of Apoptosis by Tannic Acid 
Apoptotic activity can be measured using a variety of qualitative and quantitative 
techniques, and it is often suggested that several t chniques be used to confirm that a 
particular environment causes an apoptotic response.   
 
 
Figure 1.19  Apoptosis timeline [94]. 
 
As described earlier, apoptosis can be discerned from necrotic cell death through 
identification of distinct morphological changes including cell shrinkage, chromatin 
condensation, nuclear fragmentation, and cytoplasmic budding or “blebbing” [65, 66].  
Likewise, a variety of biological assays can be performed to measure, for example, 
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changes in enzymatic activity or phosphatidylserine translocation.  Though the timeline 
of apoptotic events is both cell and environment dependent, the sequence of events 
ultimately remains the same.  An apoptosis timeline showing the distinct morphological 
and chemical changes sustained by a cell is depicted in Figure 1.19.  
Both caspase-3 activation and phosphatidylserine translocation to the outer 
membrane were evaluated, as highlighted in the timeline.  As seen, both of these events 
occur during the early stages of apoptosis.   
 
Caspase-3 Activity 
The apoptotic activity of MCF-7 cells in the presenc  of tannic acid was measured 
using an EnzCheck® Caspase-3 Assay Kit #2 (Molecular Probes, Eugene, OR), which 
detects increases in caspase-3 and other proteases that are specific to the amino acid 
sequence Asp-Glu-Val-Asp (DEVD).  Caspase enzymes ar  synthesized as inactive 
zymogens and become specific to the DEVD amino acid sequence, often cleaving 
proteins including poly(ADP-ribose) polymerase (PARP), DNA-dependent protein 
kinase, protein kinase Cδ, and actin. 
MCF-7 cells were seeded in T-25 flasks at a density of 1X106 cells/flask and were 
allowed to attach for 24 hours.  The culture medium was replaced with treatment medium 
containing concentrations of tannic acid including 0µg/mL, 5µg/mL, and 50µg/mL, and 
cells were incubated for 24 hours.  Cells were harvested using standard laboratory 
techniques, and each resulting cell pellet was rinsed in 1mL PBS and transferred to a 
1.5mL micropette tube (VWR).  A 1X cell lysis buffer working solution was prepared by 
adding 50µL 20X cell lysis buffer (1.5mL of 200mM TRIS, 2M NaCl, 20mM EDTA, 
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0.2% TRITON™ X-100) to 950µL distilled water.  Cell pellets were centrifuged at 
1000rpm for 5 minutes, PBS was aspirated, and cellswere resuspended in 50µL of 1X 
cell lysis buffer.  To optimize cell lysis, samples were subjected to 3 freeze-thaw cycles 
consisting of submersion in liquid nitrogen for 5 minutes followed by 5 minutes in a 37ºC 
water bath.   
Following cell lysis, samples were centrifuged for 5 minutes at 10,000rpm, after 
which 50µL of the supernatant was transferred to a QIAshredder spin column and re-
centrifuged at 5,000rpm for 5 minutes to minimize dbris.  Each 50µL sample was 
transferred to a black, Costar® 96-well plate.  Additionally, 50µL of the 1X lysis buffer 
was transferred to the 96-well plate in triplicate to serve as a non-enzymatic control.  A 
2X reaction buffer was prepared by adding 400µL of the 5X reaction buffer (20mL of 
50mM PIPES, 10mM EDTA, 0.5% CHAPS) and 10µL of 1M Dithiothreitol (DTT) to 
590µL of distilled water.  A 2X substrate working solution was prepared by mixing 10µL 
of the 5mM Z-DEVD-Rhodamine110 substrate with the 2X reaction buffer.  A 50µL 
volume was added to each well containing a sample or control, and the plate was 
incubated at room temperature protected from light for 60 minutes.  The fluorescence was 
measured using a Fluroskan FL plate reader using the 496/520nm excitation/emission 




In normal, live cells phosphatidylserine is located on the cytoplasmic surface of 
the plasma membrane but is translocated to the outer membrane as a result of changes in 
mitochondrial membrane potential in apoptotic cells.   A Vybrant Apoptosis Assay Kit #2 
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(Invitrogen) was used to detect the externalization of phosphatidylserine.  Though 
qualitative in nature, this assay provides a quick and reliable means to differentiate 
between early apoptotic and necrotic cells.  The kit includes the human anti-coagulant 
annexin-V, which has a molecular weight in the range of 35-60kDa and propidium 
iodide, which is a nucleic acid binding dye.  Annexin-V is a Ca2+-dependent phospholipid 
binding protein with a high affinity for phosphatidylserine.  Following application of 
annexin-V (conjugated to green fluorophores) and propidium iodide (conjugated to red 
fluorophores) to a culture sample, apoptotic cells appear green, necrotic cells appear 
green and red (due to a compromised membrane), and live cells do not fluoresce.   
 
 
Figure 1.20  Fluorescence resulting 
from application of annexin-V 










 To carry out this experiment, MCF-7 cells were seeded in 96-well plates at a 
density of 1X104 cells/well.  Cells were allowed to attach overnight in an incubator at 
37ºC and 5% CO2.  After the attachment period, cells were treated in triplicate with 
tannic acid at concentrations of 50µg/mL and 100µg/mL, or they were left untreated as 
experimental controls.  Two separate plates were used so that cells could be incubated in 
the treatments for 8 and 10 hours.   Following the incubation period, cells were rinsed in 
cold PBS and subsequently stained using a modified version of the manufacturer’s 
protocol.  A 1X annexin-binding buffer was prepared by combining 200µL of 5X 
annexin-binding buffer and 800µL distilled water.  Then, a 100µg/mL working solution 
of propidium iodide was made by diluting 5µL of the 1mg/mL propidium iodide stock 
solution in 45µL of 1X annexin-binding buffer and then protecting from light.   
A working solution was made by adding 10µL annexin-binding buffer and 3µL of 
the propidium iodide working solution to every 100µL 1X annexin-binding buffer.  PBS 
was aspirated from the wells and replaced by 50µL of the prepared working solution to 
each well containing cells.  Plates were incubated  room temperature for 15 minutes and 
protected from light.  Following the incubation period, images of each well were captured 
using an inverted fluorescence microscope. 
 
Evaluation of Cell Stiffness on Crosslinked Collagen Substrates 
Atomic Force Microscopy 
In this particular experiment, the changes in stiffness of D1 cells seeded on 
collagen membranes crosslinked in varying solutions f tannic acid were evaluated using 
a Veeco Instruments Dimension AFM with a nanoscope IV controller.  Collagen 
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membranes were prepared as described above and crosslinked in tannic acid solutions 
with concentrations including 0.01% and 0.1% (0.1mg/ L and 1mg/mL), or they were 
left uncrosslinked as experimental controls.  D1 cells were seeded at a density of 1X104 
cells/membrane, and they were maintained in culture for 4 days before experimentation 
to allow sufficient time for the cells to form a monolayer on the surface.  Additionally, 
the cells were given time to attach to the substrate so that the position of the cytoskeleton 
would be relatively stable. 
 
 
Figure 1.21  Crosslinked collagen 
membranes for atomic force 
microscopy.  A) Control, B) 0.01% 
and C) .01% tannic acid. 
 
 
  The cantilever tip was chosen with a spring consta t of 0.32N/m, and the 
controls of the instrument were set at a speed of 1µm/s with a ramp of 3µm (travel 
distance of the piezo tube) to minimize hysteresis.  All cellular collagen membranes were 
attached to a clean glass slide, rehydrated in D1 cell ulture medium prior to 
experimentation, and evaluated in a fluid environmet of cell culture medium.  Two 
separate membranes were evaluated for each experimental group, however, the 
membranes crosslinked with 0.1% (1mg/mL) tannic acid were not assessed due to 





cell, and a range of approximately 8-15 cells per mmbrane was employed.  The Hertz 
model was used to obtain an apparent elastic modulus; the model was fit to the first 
500nm of the approach indentation of each curve.  
 
Statistical Analysis 
 All statistical analyses of quantitative studies were carried out using SAS® 
statistical software (SAS Institute, Cary, NC).  All experiments were conducted with a 
sample size of n ≥ 3.  A one-factor analysis of variance (ANOVA) was performed, and 
values were presented as mean ± standard error of mean.  The significance level for all 
comparisons was p = 0.05. 
 
Results 
Characterization of Tannic Acid Crosslinked Collagen 
Gomori’s One-Step Trichrome Stain 
  
 Well plates containing crosslinked collagen coatings were stained using Gomori’s 
One-Step Trichrome Stain to ensure uniformity of the coating and attachment to the plate 
after several days in culture.  Additionally, preliminary information about cell 
morphology 24 hours after seeding and attachment were obtained.  Both acellular and 
cellular coatings are shown in the images below; collagen appears green and cell nuclei 
appear dark purple. 
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Figure 1.22  Gomori’s One-Step Trichrome Stain.  D1 cells were allowed to attach 
for 24 hours.  A)  0% tannic acid crosslinking solution concentration, B) 0.1%, C) 
1.0% and D) Acellular coating coved in culture medium and incubated for 72 hours.  





 The thermal denaturation temperature of crosslinked collagen membranes was 
characterized by observing the temperature at which an abrupt shrinkage occurred while 
heating in PBS.  Tannic acid solution concentrations listed were those selected to 















Table 1.7  Thermal denaturation temperature of 
crosslinked collagen membranes.  Temperatures 
were recorded at an abrupt shrinkage of the 
membrane while heating in PBS. 
 
Tannic Acid Crosslinking Concentration  
0% 0.01% 0.1% 1.0% 
54 62 64 66 
57 62 62 68 
55 61 67 67 
56 59 64 66 
















Figure 1.23  Thermal denaturation temperatures of crosslinked collagen membranes.    
Values were analyzed using factorial ANOVA with n=5 and p<0.05.  Bars with different 
letters are significantly different. 
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Scanning Electron Microscopy 
 
 The surface texture of crosslinked collagen membranes was evaluated using a 
SEM following preparation and dehydration of the samples.  Figure 1.24, below, contains 
representative images comparing various treatment groups with respect to visible changes 
in the microtopography of the collagen membranes.  Individual collagen fibers were no 
longer visible in highly crosslinked structures. 
 
 
Figure 1.24  Images obtained from a scanning electron microscope t  observe changes in 
the surface texture of crosslinked collagen membranes.  A) 0.1% tannic acid crosslinking 
solution concentration, and B) 1.0%.  Fibers were also visible in control samples but 





Atomic Force Microscopy 
 
 An AFM was used to measure the stiffness of crosslinked collagen membranes by 
measuring deflection of a cantilever following membrane indentation with the cantilever 
tip.  The data set presented includes stiffness values that were acquired after raw data, 
collected as values of deflection, were converted into values of elastic modulus in the kPa 




obtained for each treatment group due to technical difficulties with noise in the 
instrumentation; all values are listed below, and a gr ph was prepared showing 
representative values (highlighted in the table) from one collagen membrane sample, with 
which at least 4 different spots were evaluated, in each experimental group.  The sample 
size in all experimental groups was not sufficient to assess statistically significant 


































Table 1.8  Average values for modulus of elasticity of crosslinked collagen membranes 
obtained from an atomic force microscope.  Highlighted values are graphed below in 
Figure 1.25. 
 
Tannic Acid Crosslinking Solution Concentration  
0% 0.01% 0.1%  
Sample 1 78.63 173.31 1790.52 ± 313.46 
Sample 2 120.74 303.2 ± 18.20 __________ 


































Figure 1.25  Changes in elastic moduli of crosslinked collagen membranes, which were 
observed using atomic force microscopy.  Values indicate moduli that were observed at 3 
spots on a single sample.  Sample sizes were not sufficient in all experimental groups to 








High Performance Liquid Chromatography 
 
 High Performance Liquid Chromatography was used to evaluate the amount of 
tannic acid in a sample of cell culture medium after crosslinked collagen coatings were 
seeded with D1 cells for a total of 72 hours.  Samples of cell culture medium were 
removed from wells containing coatings and cells at 24 and 72 hours.  Representative 
chromatographs are shown below for samples at the 24 hour time point and for a range of 
standard solutions prepared in methanol.  Note that y-axis scales for milli absorbance 
units (mAU) are not equivalent in all graphs.  Additionally, peak values of mAU at 
approximately 5.2, 6.1, 7.4, 9.1, 10.8, and 12.4 minutes in retention time were recorded 
and summed to make a standard curve with which extraction sample absorbance values 
could be compared.  Since tannic acid extracts were dissolved in 500µL methanol, mAU 




















Table 1.9  Absorbance values at selected peaks for standard solutions.  Retention times 
are approximate values.  Peaks were recorded and summed for the purpose of creating a 
standard curve with which experimental samples could be compared. 
 
Absorbance Values (mAU) at Specified  
Retention Times with Peak Values 
 5.2 6.1 7.4 9.1 10.8 12.4 (minutes) 
6.25 0 0 0 0.25 1.25 0.6 2.1 
12.5 2.06 0 0.15 0.53 1.94 0.68 5.36 
25.0 2.79 0.36 0.59 0.83 3.75 1.05 9.37 
50 6.64 0.84 1.16 1.51 6.43 1.53 18.11 


























Standard Curve of Tannic Acid Solutions
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Figure 1.26  Standard curve for tannic acid using high performance liquid 
chromatography.  Tannic acid was dissolved in methanol prior to injection in the HPLC 























Table 1.10  Concentration of tannic acid in culture medium collected at 24 and 72 hours 
as determined by HPLC.  Values are based on the standard curve in Figure 1.26.    
 












Tannic Acid in 
Culture Medium 
(µg/mL) 







10,000  58.70 166.45 
















Figure 1.27  High performance liquid chromatography.  Chromatographs showing peaks 
of standard tannic acid solutions in methanol.  A) 6.25µg/mL, B) 12.5µg/mL, C) 
25µg/mL, D) 50µg/mL, E) 100µg/mL, and F) 200µg/mL.  Note that y-axis scales are not 




































































Figure 1.28  High performance liquid chromatography.  Chromatographs showing peaks 
of tannic acid extraction samples from 24 hour timepoint.  A) 0% tannic acid crosslinking 
solution concentration, B) 0.1%, and C)1.0%.  Note that y-axis scales are not equivalent 



































Effect of Tannic Acid on Cell Metabolic Activity 
Cell Culture 
The normal morphology of MCF-7 and D1 cells cultured on tissue culture 
polystyrene, in addition to D1 cells introduced to an adipogenic cocktail for 6 days, was 
imaged using a 100x and 320x total magnification.  As depicted, D1 cells were fusiform 
in shape while MCF-7 cells were rounded in appearance and less adherent.  Following 
adipogenic differentiation, D1 cells changed their morphology into round, lipid-
































Figure 1.29  Cell culture.  A) D1, B) MCF-7, and C) D1 in adipogenic cocktail 






















MCF-7 and D1 Cells Seeded on Tissue Culture Polystyrene 
 MCF-7 and D1 cells were seeded on polystyrene well plates in order to treat them 
with known concentrations of tannic acid added directly to the culture medium.  Since 
additional methods are required to quantify the amount of tannic acid released from 
crosslinked collagen substrates, this study was conducted as an initial assessment of 
cytotoxicity.  The results of the alamarBlue® metabolic activity assay for MCF-7, D1, 
and D1 cells subjected to a differentiation cocktail for 6 days prior to treatment are listed 































Table 1.11  alamarBlue® metabolic activity assay for treated MCF-7 
cells.  Values indicate relative fluorescence.   
 
Tannic Acid Concentration  
0mg/L 5mg/L 25mg/L 50mg/L 
24 Hours 8.13 ± 0.01 8.23 ± 0.13 8.08 ± 0.03 7.98 ± 0.14 
48 Hours 9.78 ± 0.20 9.40 ± 0.15 9.02 ± 0.15 7.62 ± 0.17 






Figure 1.30  alamarBlue® metabolic activity assay for treated MCF-7 cells.  Values were 
analyzed using factorial ANOVA with n=3 and p<0.05.  Bars that are significantly 
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Table 1.12  alamarBlue® metabolic activity assay for treated D1 cells.  
Values indicate relative fluorescence.   
 
Tannic Acid Concentration  
0mg/mL 5mg/mL 25mg/mL 50mg/mL 
24 Hours 13.56 ± 0.29 12.31 ± 0.26 11.15 ± 0.20 9.85 ± 0.06 
48 Hours 20.30 ± 0.21 14.55 ± 0.32 10.58 ± 0.14 6.72 ± 0.07 






Figure 1.31  alamarBlue® metabolic activity assay for treated D1 cells.  Values were 
analyzed using factorial ANOVA with n=3 and p<0.05.  Bars that are significantly 
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Table 1.13  alamarBlue® metabolic activity assay for treated D1 cells 
differentiated in an adipogenic cocktail.  Values indicate relative 
fluorescence.   
 
Tannic Acid Concentration  
0mg/mL 5mg/mL 25mg/mL 50mg/mL 
24 Hours 46.17 ± 0.07 46.35 ± 0.48 46.24 ± 0.28 47.17 ± 0.18 
48 Hours 44.29 ± 0.23 43.50 ± 0.78 43.95 ± 0.87 44.95 ± 0.22 






Figure 1.32  alamarBlue® metabolic activity assay for treated D1 cells differentiated in 
an adipogenic cocktail for 6 days.  Values were analyzed using factorial ANOVA with 
n=3 and p<0.05.  Bars that are significantly different than the control are labeled at 24 
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MCF-7 and D1 Cells Seeded on Collagen Coatings 
 Initial cytotoxicity testing was conducted again using the alamarBlue® metabolic 
activity assay after MCF-7 and D1 cells were seeded on crosslinked collagen coatings. 
The amount of tannic acid uptake and release to and from the collagen substrates 
respectively was unknown without using additional methods of characterization; 
therefore, these results give only preliminary information about cell response to specific 


















Table 1.14  alamarBlue® metabolic activity assay for MCF-7 cells 
seeded on crosslinked collagen coatings.  Values indicate relative 
fluorescence.   
 
Tannic Acid Crosslinking Concentration  
0% 0.01% 0.1% 1.0% 
24 Hours 5.20 ± 0.08 5.71 ± 0.15 4.97 ± 0.06 3.58 ± 0.07 
48 Hours 6.86 ± 0.08 7.99 ± 0.14 5.66 ± 0.08 3.08 ± 0.03 






Figure 1.33  alamarBlue® metabolic activity assay for MCF-7 cells seeded on 
crosslinked collagen coatings.  Values were analyzed using factorial ANOVA with n=3 
and p<0.05.  Bars that are significantly different than the control are labeled at 24 hours 
(+), 48 hours (%), and 72 hours (#).    
 
Cytotoxicity of Tannic Acid to MCF-7 







0 0.01 0.1 1

















+ % # 
% # 
+ % # 
 70 
Table 1.15  alamarBlue® metabolic activity assay for D1 cells 
seeded on crosslinked collagen coatings.  Values indicate relative 
fluorescence.   
 
Tannic Acid Crosslinking Concentration  
0% 0.01% 0.1% 1.0% 
24 Hours 3.99 ± 0.07 3.84 ± 0.12 3.66 ± 0.22 .76 ± 0.02 
48 Hours 5.70 ± 0.04 3.70 ± 0.19 3.78 ± 0.26 2.45 ± 0.01 





Figure 1.34  alamarBlue® metabolic activity assay for D1 cells seeded on crosslinked 
collagen coatings.  Values were analyzed using factorial ANOVA with n=3 and p<0.05.  
Bars that are significantly different than the contr l are labeled at 24 hours (+), 48 hours 
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Effect of Tannic Acid on D1 Differentiation and Lipid Production 
Total Triglyceride Assay 
The lipid production of D1 cells incubated for 6 days in an adipogenic cocktail 
was evaluated quantitatively using a total triglycerid  assay.  Values in the table below 
were extrapolated from a series of linear regression m dels based on absorbance readings 
of standard glycerol solutions.  The tannic acid concentrations listed were selected to 

































Table 1.16  D1 cells were seeded onto crosslinked collagen coatings and 
evaluated for lipid production after the initiation of adipogenic 
differentiation for 6 days.  Absorbance values (X=optical density) from 
Total Triglyceride Assay® that have been converted into values of 
triglyceride concentration (Y=triglyceride concentration (mM)).   
 
0% Tannic Acid 
Y = 0.0874 + 0.0025 X 
R2 = 0.9867 
0.01% Tannic Acid 
Y = 0.0806 + 0.0024 X 
R2 = 0.9833 
 
0.05% Tannic Acid 
Y = 0.1164 + 0.0027 X 
R2 = 0.9630 
X = 0.432 Y = 137.3 X = 0.388 Y = 125.7 X = 0.324 Y = 77.4 
X = 0.381 Y = 117.0 X = 0.383 Y = 123.8 X = 0.354 Y = 88.3 
X = 0.450 Y = 144.4 X = 0.379 Y = 121.9 X = 0.337 Y = 82.1 






Figure 1.35  Total Triglyceride Assay®.  D1 cells were seeded onto crosslinked collagen 
coatings and evaluated for lipid production after the initiation of adipogenic 
differentiation for 6 days.  Values were analyzed using factorial ANOVA with n=3 and 
p<0.05.  Bars with different letters are significantly different. 
Oil-Red-O Stain for Lipid 





































 An Oil-Red-O stain for lipid was used as a qualitative measuring tool to support 
the data of the Total Triglyceride® assay.  Cells were stained directly on collagen 
substrates following incubation for 6 days in an adipogenic differentiation cocktail. 
 
 
Figure 1.36  Oil-Red-O stain for lipid.  D1 cells were incubated in an adipogenic cocktail 
for 6 days following proliferation until 100% confluence on crosslinked collagen 
coatings.  A)  0% tannic acid crosslinking solution concentration, B) 0.01%, and C) 













Induction of Apoptosis by Tannic Acid 
Caspase-3 Activity 
 The apoptotic activity of MCF-7 cells in the presenc  of tannic acid for 24 hours 
was measured using an EnzCheck® Caspase-3 Assay Kit #2.  Data indicating relative 
fluorescence of samples from both control and experimental groups is presented below.  
A standard curve relating fluorescence to concentration of the caspase-3 enzyme was not 
prepared in this case.  There were no statistically significant differences between either of 
the experimental groups and the control. 
 

























Figure 1.37  Analysis of caspase-3 activation in MCF-7 cells by tannic acid after 24 
hours in culture.  Values were analyzed using factorial ANOVA with n=5 and p<0.05.  
There were no statistically significant differences between either of the experimental 





 MCF-7 cells were also evaluated for evidence of phos atidylserine translocation 
with fluorescence staining techniques.  The images b low were taken treatment with 
tannic acid for 8 and 10 hours.  Note that cells reach d approximately 50% confluence in 
each of the wells; viable cells do not fluoresce in this particular assay and will thus not be 
visible.  Cells with red fluorescent nuclei and green fluorescent membranes are necrotic 
while green fluorescence alone is indicative of phosphatidylserine translocation, an early 




Figure 1.38  MCF-7 cells stained with Annexin-V (green) and propidium iodide 
(red) after tannic acid treatment for 8 hours.  Live cells do not fluoresce.  
Necrotic cells fluoresce red and green while apoptotic cells fluoresce green 
alone.  A)  0mg/L tannic acid treatment group, B) 50mg/L, and C) 100mg/L.  











Figure 1.39  MCF-7 cells stained with Annexin-V (green) and propidium iodide 
(red) after tannic acid treatment for 10 hours.  Live cells do not fluoresce.  
Necrotic cells fluoresce red and green while apoptotic cells fluoresce green 
alone.  A)  0mg/L tannic acid treatment group, B) 50mg/L, and C) 100mg/L.  
320x total magnification 
 
 
Evaluation of Cell Stiffness on Crosslinked Collagen Substrates 
Atomic Force Microscopy 
 An atomic force microscope was used to measure the stiffness of single D1 cells 
seeded on crosslinked collagen membranes measuring deflection of a cantilever 
following cell membrane indentation with the cantilever tip.  Cells were evaluated after 4 
days in culture.  The data set presented includes stiffne s values that were acquired after 
raw data collected as values of deflection was converted into values of elastic modulus in 
the kPa range using the Hertz model as previous describ d.  To obtain an apparent elastic 








Values of hysteresis were determined by subtracting the area under the retract curve from 
the area under the approach curve.   
 























Figure 1.40  Changes in elastic moduli of D1 cells seeded on crosslinked collagen 
membranes, which were observed using atomic force mi roscopy.  Values were analyzed 
using factorial ANOVA with n=3 and p<0.05.  Bars marked with * are significantly 















Table 1.17  Values for hysteresis of D1 cells after nano-indentation with an AFM 
probe calculated as the area under the retract curve subtracted from the area under the 
approach curve. 
 
Hysteresis of D1 Cells Following Nano-indentation in Atomic Force Microscopy 













 The purpose of this study was to develop and assess tannic acid crosslinked 
collagen matrices and their potential to be applied to a minimally-invasive breast 
reconstruction device and an i  vitro breast tissue test system.  Major objectives of the 
study included: 
 
• Preparation of two-dimensional crosslinked collagen scaffolds that were uniform, 
easily reproduced, easily characterized, and readily used in cell culture. 
 
• Characterization of crosslinked collagen scaffolds.  A variety of methods were 
used to relate material characteristics to the degree of crosslinking, as tannic acid 
crosslinking solution concentrations were varied. 
 
• Characterization of cellular behavior following attachment to crosslinked 
collagen scaffolds.  Two cell lines were evaluated for differences in proliferation 







Preparation of Collagen Substrates Crosslinked with Tannic Acid 
 
 Both collagen membranes and collagen well plate coatings were prepared to reach 
the objectives of this study.  Collagen membranes were sufficient for material 
characterization because they could be removed from the Petri dish and handled by 
grasping the polypropylene support meshes; it was thought that these membranes would 
better mimic a three-dimensional construct than would collagen well-plate coatings.  
However, at the beginning of the study it was determined that these membranes were not 
sufficient for assays that were dependent upon cell number; consistent cell-seeding 
densities could not be achieved as a result of poorinitial attachment.  Therefore collagen 
well-plate coatings were prepared for a majority of the cell-based studies.  Constructs 
were always crosslinked following polymerization and drying of the collagen, since 
addition of tannic acid to a collagen solution causes precipitation of the protein.  The 
development of methods to create three-dimensional, spherical collagen structures 
crosslinked with tannic acid is currently in progress.  However, because there are no 
covalent interactions between collagen and tannic ac d (crosslinking occurs through 
hydrogen bonding mechanisms and hydrophobic effects), the resulting crosslinks among 
collagen fibrils are relatively weak.  Therefore, consideration must be given to how 
collagen beads will maintain their shape when introduced into an aqueous solution.  If the 
collagen beads become gelatinous too quickly, the collagen may not retain mechanical 
properties that are sufficient to support cell attachment and proliferation.  Many cell 
types, including adipocytes, are anchorage dependent;  spherical scaffolds, unlike 
standard gel suspensions, can provide anchorage depen nt cells with a defined growing 
surface and equip them to receive nutrients, expel waste, and maintain their differentiated 
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function [95, 96].  Additionally, collagen beads tha  break down rapidly could release 
tannic acid too quickly, thus becoming cytotoxic. 
 
 
Characterization of Tannic Acid Crosslinked Collagen  
Gomori’s One-Step Trichrome Stain 
 Collagen substrates were characterized following incubation at room temperature 
in a tannic acid crosslinking solution.  Gomori’s One-Step Trichrome Stain was used to 
ensure that collagen coatings were uniform in thickness and that they remained attached 
to well-plates after several days in culture.  Additionally, preliminary data was obtained 
about variations in D1 cell morphology after 24 hours in culture, which provided 
information about substrate toxicity.  As seen in Figure 1.22, D1 cells were less abundant 
on surfaces crosslinked in higher concentrations of tannic acid.  The cells became 
rounded on the coatings crosslinked in 1.0% tannic ac d and did not elongate as they did 
on the uncrosslinked surfaces.  It appeared that after several days in culture the D1 cells 
would not survive in the highest tannic acid concentration.  The acellular coatings did 
remain attached to the well plate after 72 hours.  Following polymerization, coatings 
were thicker at the edges due to static forces between the collagen and the polystyrene, 
but the differences did not have a negative effect on the cell-based studies described.  
 
Thermal Denaturation 
Thermal denaturation temperatures were recorded after n abrupt shrinkage of 
hydrated collagen membranes occurred as PBS was heated.  The results indicate that 
there was a significant difference in the denaturation emperature with every 10-fold 
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increase in the concentration of tannic acid used for crosslinking.  Temperature values 
ranged from 55ºC (control) to 68ºC (1.0% solution), and standard error values were 
relatively small (≤1.30), meaning that degree of crosslinking was consistent in all 
experimental groups.   
Polymerization of a collagen solution resulted in the formation of collagen fibrils 
from acid soluble collagen monomers.  Subsequent crosslinking of collagen fibrils was 
accomplished with tannic acid solutions, which induced hydrogen bonding and 
hydrophobic effects.  Because crosslinking caused a decrease in the entropy of the 
fibrillar collagen network, the heat capacity and therefore stability of the polymer 
increased.  The uncrosslinked control group had a thermal denaturation temperature 
around 55ºC, which showed that it was stable at a physiological temperature.  However, 
collagen is also subject to enzymatic degradation, and it is assumed that collagen with 
higher denaturation temperatures will also be less su ceptible to denaturation via 
collagenases.  The design of scaffolds with a range of degradation rates might be 
advantageous in drug delivery applications, as scaffolds could provide a constant release 
of a drug or bioactive molecule to the tissue microenvironment.  Furthermore, cells that 
proliferate at slower rates could require scaffold support over longer periods of time.   
Because average denaturation temperatures continued to increase, it can be inferred that 
proposed crosslinking sites were not saturated.  Additional data is necessary to determine 
the denaturation temperature at which potential locati ns for tannic acid crosslinks 




Scanning Electron Microscopy   
 An SEM was used to determine if there were any visible microscopic 
differences in the topography of collagen membranes.  Collagen membranes were 
hydrated prior to microscopy so that swelling would occur and individual collagen fibers 
would become more apparent.  Therefore, the membranes were also subjected to a 
fixation method so that they would retain their struc ure throughout the series of ethanol 
dehydration treatments.  Images of collagen membrane morphology show that the visible 
network of collagen fibers is only apparent in the group crosslinked with 0.1% tannic 
acid and not in the 1.0% solution group.  These differences can be attributed to 
compaction of fibers into a denser substrate as the available crosslinking sites become 
more saturated.  Wu and coworkers had similar results when they studied the effects of 
glutaraldehyde on porcine dermal collagen membranes [97].  They described the 
replacement of irregular collagen fibers with “sheet-like structures and folds” that 
occurred following crosslinking, and they stated that this configuration may be a sign of 
conformational changes within the collagen structure.  Likewise, Jastrzebska and 
coworkers found that typical collagen fiber banding patterns were disrupted when they 
crosslinked pericardium tissue with tannic acid.  By imaging substrate surfaces with an 
AFM, they observed alterations in spatial arrangement of fibers and overall surface 






Atomic Force Microscopy 
 Though determination of changes in thermal stability and surface topography of 
collagen membranes did facilitate a better understanding of the degree of crosslinking 
resulting from various concentrations of tannic acid, it did not provide information about 
the mechanical properties of the membranes.  Therefore, an AFM was used to probe 
membranes and acquire values of deflection that could be related to the modulus of 
elasticity following nano-indentation with a cantilever tip.  Because of difficulties with 
instrumentation throughout the experimentation process, the values could not be 
evaluated statistically, as the sample size was not sufficient in all experimental groups.  
However, there were trends in the data, which were observed with at least a sample size 
of two collagen membranes.  
 All membranes were assessed in PBS because the degr e of swelling that 
occurred following hydration was considerable, and the setup was arranged to best mimic 
an aqueous culture environment.  The AFM system controls were set at a ramp size of 
3µm and a speed of 1µm/s to minimize hysteresis.  Though hysteresis in an AFM force 
curve can result from viscoelastic properties of the selected material, it can also occur due 
to adhesion of proteins.  Hysteresis can be minimized by increasing the speed at which 
the indentation occurs, in order to decrease time of interaction between the tip and the 
surface.  Therefore, there is a tradeoff in the system between accuracy of the resultant 
force curve (which decreases as speed increases) and non-material related hysteresis.  
The tip was chosen with a spring constant of 0.32N/m because the stiffness was sufficient 
to analyze membranes in all experimental groups, thus removing any variability in tip 
geometry, which would, in turn, be conveyed to the Hertz model. 
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 The data listed in Table 1.8 and graphed in Figure 1.25 shows that apparent 
modulus continued to increase as the concentration of tannic acid crosslinking solutions 
increased.  Essentially, values for modulus of elasticity increased by an order of 
magnitude with every 10-fold increase in the concentration of each tannic acid 
crosslinking solution.  As was the rationale when significant increases were seen in 
thermal denaturation temperatures, hydrogen bonds a hydrophopic effects caused 
individual collagen fibers to become more closely associated, thus enhancing the overall 
strength of the network.  Because a collagen membrane could not be easily reproduced in 
a “dog bone” shape, traditional mechanical testing methods could not be used.  However, 
based on previous research by Isenburg, Heijmen, Duan, and associates, crosslinking 
should increase overall tensile strength of the substrate in addition to the stiffness [44, 54, 
55].  Though statistical relationships were not confirmed, it appears that modulus values 
for the collagen membranes crosslinked in 0.1% tannic acid would be significantly 
different than the control membranes.  Studies suggest that scaffold stiffness can affect 
both the orientation of cells and the resulting stiffness of the regenerated tissue [99].  
Additionally, Mooney and Ingber demonstrated that extent of cell spreading (which is a 
result of scaffold modulus) can affect a cell’s ability to cycle, as rounded hepatocytes 
attached to artificial RGD peptides were halted in their cycle prior to S-phase [100].  
 
High Performance Liquid Chromatography 
 Chromatography was used to quantify the amount of tannic acid in a sample of 
cell culture medium that was removed from a well containing a cellular collagen 
construct.  Since collagen constructs will degrade more quickly as cells continually 
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proliferate, migrate, and remodel the underlaying matrix, it is likely that more tannic acid 
will leach out of a cellular construct than an acellular one, given a specified time point.  
Because bone marrow stromal cells are cell source candidates for use in a breast tissue 
engineered device, D1 cells were chosen to be seeded on the surface of the collagen 
coatings.  Two milliliters of culture medium were added to each well containing a 
cellular collagen construct, and samples were colleted at 24 and 72 hours.  Since culture 
medium was changed every 24 hours, the 72 hour samples did not give information about 
the amount of tannic acid in culture after three days; rather, conclusions were drawn 
regarding changes in the release profile, as both sets of samples were only in contact with 
collagen constructs for 24 hours. 
 A solution of tannic acid, even in its purest form, will still generate multiple peaks 
in a chromatograph.  A single molecule of tannic acid is often characterized as having a 
pentagalloylglucose (PGG) core surrounded by molecules of gallic acid, though the 
amount and distribution of galloyl groups varies according to the plant species from 
which it is extracted.  Additional peaks result from degradation of tannic acid into its 
corresponding phenolic metabolites.  Moreover, chromat graphic peaks are dependent 
upon the HPLC system as well as both the stationary and mobile phases chosen for the 
experimental setup.  To determine the amount of tannic acid and metabolites in biological 
fluids, Zhu and coworkers analyzed peaks within a range of retention times specific to 
gallic acid, tannic acid, and ellagic acid.  Mueller-Harvey noted that gallic acid peaked in 
reverse-phase HPLC within a range of 10-20 minutes [53].       
   In this particular experiment, the absorbance values (mAU) for a specified set of 
retention times were summed in order to make a standard curve and subsequently 
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compare it to experimental values.  The peaks were chosen from standard samples as 
those that did not occur in control samples and that continued to increase in intensity as 
tannic acid concentrations doubled.  Peaks could not be specifically defined because 
standard samples for all potential molecules in theannic acid solution were not 
processed.  From the retention times selected, a standard curve with minimal variability 
was generated, as the R2 value was 0.99.   
 After comparison of Figure 1.27 (standard sample chromatographs) and Figure 
1.28A (24 hour experimental control sample chromatograph), a noteworthy peak at an 
approximate retention time of 14.4 minutes was thoug t to be a result of either the 
collagen substrate or culture medium protein components.  This peak did not appear in 
any of the standard samples (tannic acid dissolved in methanol), but did appear in 
extracts taken from the wells containing an uncrosslinked collagen membrane.  
Moreover, in the sample extracts from wells containing cellular collagen membranes 
crosslinked in a 1.0% solution, the peak shifted to a retention time of approximately 12.5 
minutes.  Interestingly enough, the most significant peak in the standard samples 
occurred at a retention time of approximately 10.8 minutes.  Therefore, it appears there 
may have been an interaction occurring between the tannic acid and a component of the 
culture system.  Since tannic acid can bind to and precipitate proteins, perhaps a tannin-
protein complex caused a changed in the rate of elution from the column.   
 Methanol was used as the mobile phase in this experiment and, unlike acetone, 
has the ability to preserve these complexes.  The samples could have been deproteinized 
as described by Kim and coworkers in order to avoid these interactions [101].  Kawamoto 
and colleagues also described methods to bypass thee annin-protein interactions and 
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evaluate tannin and protein content independently [102].  Data implies that the release 
profile of tannic acid from crosslinked collagen coatings is not linear.  As shown in Table 
1.10, the amount of tannic acid released within a 24 hour time was greater from day 2 to 
day 3 than from day 0 to day 1.  Additionally, although the collagen membranes in the 
experimental groups were crosslinked with solutions that differed in concentration by a 
factor of 10, the amount of tannic acid released from the collagen membranes crosslinked 
in a 0.1% tannic acid solution was only modestly smaller (328.17µg/mL) than the amount 
released from collagen membranes crosslinked in a 1.0% solution (391.27µg/mL).  
Additional data is necessary to establish a better tr nd with which more accurate 
predictions concerning tannic acid release from degrading crosslinked collagen 
membranes can be made.  An understanding of a particul  release mechanism is 
important so that delivery of a particular drug or s luble factor can be controlled.  Bolus 
release of tannic acid from a tissue engineered substrate might result in cytotoxicity or an 
unknown timeline of differentiation events.  Tissue engineered constructs could prove 
unsuccessful if cells are not provided with bioactive molecules necessary for their desired 
function.  Storrie and Mooney note that constant signaling is necessary to control cell 
fate; they described the development of a depot for herapeutic agents to protect proteins 
from degradation and allow an extended release [103] 
 
Effect of Tannic Acid on Cell Metabolic Activity 
MCF-7 and D1 Cells Seeded on Tissue Culture Polystyrene 
 In order to establish a useful range of tannic acid solutions, an alamarBlue® 
metabolic activity assay was conducted.  The anti-proliferative effects of plant tannins are 
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well documented in the literature [62, 104-106].  However, much controversy still exists 
regarding the health benefits of tannins, as higher doses of the compounds can result in 
carcinogenesis [47, 107].  Since degree of cytotoxicity s both cell and drug dependent, 
MCF-7 and D1 cells were evaluated first on tissue clture polystyrene in a standard 
culture environment to remove any unknown effects of a collagen substrate.   
 Absorbance values of the alamarBlue® fluorescent dye, which increased as the 
metabolic activity of cells increased, suggest thatannic acid ceased the proliferation of 
D1 cells more quickly and lower concentrations than it did of the MCF-7 cells.  A 
significant difference in the metabolic activity of MCF-7 cells was not detected until 48 
hours at the 25mg/L condition; conversely, a signifcant change was seen in the D1 
culture at 24 hours in the 5mg/L experimental condition.  On a more promising note, 
although the changes in metabolic activity of D1 cells in all experimental conditions were 
significantly different than the controls, metabolic activity did not actually begin to 
decline until the concentration reached 50mg/L.  In the 5mg/L culture conditions cells 
continued to proliferate at a slower rate than the control, and in the 25mg/L culture 
conditions cell number remained stagnant.  Similarly, significant differences in the 
absorbance values for MCF-7 cells in the 25mg/L culture conditions did not necessarily 
imply a decrease in proliferation but rather continued proliferation at a slower rate than 
the controls.  Metabolic activity of MCF-7 cells did not actually begin to decline until the 
concentration of tannic acid reached 50mg/L. 
 D1 cells differentiated in an adipogenic cocktail for 6 days were also treated in 
conditions identical to the MCF-7 and D1 cells.  Results indicate that the toxic effects of 
tannic acid to differentiated D1 cells was much less severe, as there were no significant 
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differences in absorbance values at any of the timepoints resulting from the 50mg/L 
culture conditions.  Because cells were only differentiated for 6 days, it is likely that all 
of the cells were not yet mature.  Therefore, cell sorting methods can be used to gain a 
better understanding of the percentage of mature adipocytes necessary in a culture system 
to mitigate cytotoxic effects.  Mature adipocytes are less susceptible to the toxic effects 
of tannic acid, a feature which can be advantageous in the development of a minimally-
invasive breast reconstruction device.  Because the device will likely be a composite 
system of serial injections consisting of a variety of scaffolds and cell types, the use of 
mature adipocytes can be properly arranged in the inject on series to promote growth of 
fat tissue and alleviate cytotoxic effects of tannic acid.   
 
MCF-7 and D1 Cells Seeded on Collagen Coatings 
 MCF-7 and D1 cells were also seeded on crosslinked collagen coatings for 
cytotoxicity testing.  Differentiated D1 cells were not evaluated in these culture 
conditions because they would have been exposed to tannic acid during the proliferation 
and differentiation stages instead of just the mature adipocyte stage.  Also, as will be 
discussed later, tannic acid appears to inhibit differentiation of D1 cells, and thus this 
would have interfered with cytotoxicity testing conditions.  
 As presented in Figures 1.33 and 1.34, it appears that the 0.1% tannic acid 
crosslinking solution slowed the activity of MCF-7 cells while still allowing proliferation 
of D1 cells, though the proliferation rate was still ignificantly different than the controls.  
It is important to note that differences in metabolic activity in this study were attributable 
to both drug toxicity and scaffold characteristics.  Additionally, MCF-7 cell data shows 
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that absorbance values were significantly different than the control in culture conditions 
in which a 0.1% crosslinking solution was used, butthat values were actually higher.  
This means that MCF-7 cells on collagen membranes crosslinked in a 0.1% solution were 
more metabolically active.  Therefore, it is likely that the tannic acid in these conditions 
was not sufficient to cause a cytotoxic effect but was sufficient in creating a stiffer and 
therefore more favorable substrate (as demonstrated by atomic force microscopy).  For 
example, Engler and coworkers validated the effects of substrate stiffness on cell 
adhesion, and they noted the increased spreading of sm oth muscle cells on stiffer 
substrates [108]  Additionally, Genes and colleagues found that chondrocytes were more 
inclined to attach and had enhanced cell morphology on more highly crosslinked alginate 
substrates [109]. Consequently, there is potential to create a scaffold that will enhance 
proliferation of malignant cells and that will be ineffective in inducing a desired cytotoxic 
effect.  
 Because the amount of tannic acid that leached from the crosslinked collagen 
coatings into the cell culture medium was unknown, the values were compared with data 
obtained from high performance liquid chromatography, discussed above.  It should first 
be recalled, however, that HPLC data may have been skewed by tannin-protein 
interactions and should only be used as an estimate of actual tannic acid concentrations.  
HPLC data shows that about 300mg/L of tannic acid was detected in the culture medium 
from wells containing coatings that were crosslinked in a 1.0% solution.  Therefore, the 
metabolic activity results for D1 cells on collagen substrates are consistent with those 
from polystyrene because values of metabolic activity for cells residing in 300mg/L 
tannic acid were lower than for cells on polystyrene i  a 50mg/L treatment.  Again, it 
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should be noted that differences in metabolic activity n this experiment can be attributed 
to both cytotoxic effects and substrate characteristics.  If more consistent HPLC data can 
be obtained, the effects of the substrate alone can be better understood, as the 
concentration of tannic acid in the cell culture medium will be a known variable.   
 
Effect of Tannic Acid on D1 Differentiation and Lipid Production 
Total Triglyceride Assay 
 The extent of differentiation of D1 cells cultured on tannic acid crosslinked 
collagen coatings was evaluated quantitatively using a Total Triglyceride Assay®.  Data 
reports that the concentration of triglyceride detected in culture medium samples 
following cell lysis did continue to decline as the amount of tannic acid in the culture 
increased.  However, results were not significantly different until the concentration of the 
tannic acid crosslinking solution reached 0.05%. 
Since crosslinked collagen coatings were used in this study, the D1 cells were in 
contact with tannic acid during the entire proliferation phase while the monolayer was 
becoming confluent.  Therefore, it would be interesting to see if results differed if tannic 
acid was only introduced into the culture system when the adipogenic cocktail was added.    
Additionally, because crosslinked coatings were used, the concentration of the tannic acid 
crosslinking solution could not be increased further; the cytotoxic effects would have 
prevented a monolayer of D1 cells from forming, thus f rther inhibiting adipogenic 
differentiation.  These results were expected, as interference in the adipocyte 
differentiation pathway and lipolysis have been observed following treatment with tannic 
acid and grape seed extract respectively [72, 73]. It has not yet been determined whether 
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D1 cells can recover their differentiation potential once tannic acid is removed from the 
culture system.  As discussed earlier, the addition of mature adipocytes (which appear to 
be less susceptible to the cytotoxic effects of tannic acid) into a breast reconstruction 
device must be properly timed.  In this case, tannic ac d could be used as a differentiation 
control mechanism, though it, too, must be properly introduced into the device.  For 
example, bone marrow has been proposed as a stem cell source for implantation in a 
breast reconstruction device.  Therefore, it must be ensured that continued release of 
tannic acid will not prevent differentiation of stem cells following a proliferative phase.    
 
Oil-Red-O Stain for Lipid 
 In general, Oil-Red-O causes lipid to appear red following the staining procedure.  
This stain was used as a qualitative mechanism of evaluating the concentration values 
obtained using the total triglyceride assay.  The same crosslinking solution concentrations 
were used so that direct comparisons could be made.  Based on the images, the amount of 
red-staining lipid did appear to decrease as the concentration of tannic acid crosslinking 
solutions increased.  Perhaps with improvements in cell counting methods that will allow 
for the identification and separation of stem cells, preadipocytes, and mature adipocytes, 
tangible values for cell number can be obtained for particular culture environments. 
 
Induction of Apoptosis by Tannic Acid 
Caspase-3 Activity 
 The level of caspase-3 activity was evaluated after MCF-7 cells were treated in a 
culture medium containing tannic acid for 24 hours.  Data graphed in Figure 1.37 shows 
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that there was no significant difference in the leve  of caspase-3 activity in either of the 
experimental conditions when compared to the control.  These results are not consistent 
with apoptosis data obtained using other tannin varieties.  For example, Mar Larrosa and 
colleagues demonstrated that apoptosis in Caco-2 (human colon adenocarcinoma) cells 
was activated through the mitochondrial pathway by ellagitannins and that egallitannins 
did not have a cytotoxic effect on normal colon cells [110].  Although encouraging 
results have been previously documented in the literature, Pan and associates stated that 
hydrolysable tannins may only show high anti-tumor activity if the glucose core of the 
tannin molecule is fully saturated with galloyl groups [111].   
 Although absorbance values between the experimental groups and the control 
were not significant, this could have been a result of a poorly chosen time point and not 
necessarily of ineffective apoptosis-inducing activity of tannic acid.  Once initiated, 
apoptosis is a relatively quick process; the timeline of morphological and chemical 
changes within a cell as a result of a specific drug can only be deduced by trial and error.  
This assay could be carried out at additional time points (ie. 12 and 18 hours) to ensure 
that caspase-3 activity is not apparent. 
 
Phosphatidylserine Translocation 
 Because phosphatidylserine translocation occurs before caspase-3 activity in the 
apoptosis timeline of events, the annexin-V/propidium iodide stain was used after 
treatment of MCF-7 cells for 8 and 10 hours.  The stain only provided a qualitative 
measure of apoptotic activity.  Again, limited apoptotic activity was evident in the 
cultures containing either 50mg/L or 100mg/L tannic acid.  The amount of necrotic cells 
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in the 50mg/L samples was similar to the control.  Apoptotic cells were only seen in the 
100mg/L experimental condition; however, there were rarely more than one or two 
noticeable apoptotic cells per well in the 96 well plates.  Similar to the caspase-3 activity 
assay, this stain is very time-dependent.  Therefore, more time points may be necessary to 
ensure that phosphatidylserine translocation is not occurring in these specific culture 
conditions. 
 
 Evaluation of Cell Stiffness on Crosslinked Collagen Substrates 
Atomic Force Microscopy  
 Only preliminary data could be obtained from AFM nano-indentation on the 
surfaces of D1 cells seeded on crosslinked collagen m mbranes, however, it is still worth 
noting.  As discussed earlier, the stiffness of collagen membranes continued to increase 
as the concentration of the tannic acid crosslinking solutions increased.  Therefore, since 
stiffness of a scaffold material generally increases the rate of cell attachment and/or 
proliferation, it was expected that D1 cells on stiffer substrates would have stiffer 
membranes due to increased attachment sites and spreading capability.  Tan and Teoh 
note that physical forces at cell adhesion sites can act as cell signaling devices [112].  
While studying wound healing mechanisms, Helary and coworkers noted that 
myofibroblasts seeded on less dense collagen substrates had a rounded morphology and 
proliferated at a slower rate [113]   
 Based on the data graphed in Figure 1.40, D1 cellss eded on collagen membranes 
crosslinked in a 0.01% solution of tannic acid were significantly less stiff than D1 cells 
seeded on uncrosslinked membranes.  Variability in the stiffness values likely resulted 
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from the relative confluency of cells in the immediate area. Two cells on the same 
substrate will vary in stiffness if one of them develops additional contacts with 
neighboring cells.  Therefore, it should be ensured that the monolayer of cells on the 
surface of the collagen membrane is relatively consistent.   
Additional samples using higher concentrations of tannic acid were prepared, but 
technical difficulties with instrumentation did not allow evaluation.  In addition to further 
assessment of D1 samples, it would be interesting to compare stiffness values of 
differentiated D1 cells on various crosslinked substrates.  As discussed earlier, retainment 
of a differentiated function can be affected by the stiffness of a matrix and the extent of 
cell spreading on a particular matrix.  Therefore, in vitro studies can help predict if 
mature adipocytes will remain in a terminally differentiated state following implantation 
of cellular constructs.  Perhaps if cytotoxic effects are less apparent, the effect of 
substrate stiffness on the modulus of attached cells ould be better understood. 
 The results presented in this thesis provide information not only about changes in 
characteristics of collagen substrates but also about changes in the behavior of cells that 
were in contact with these substrates.  As the effectiv ness of a minimally-invasive 
injectable device continues to be improved, the appro riate timing of tannic acid, if any, 








 There is evidence that collagen structures became further crosslinked as the 
concentration of tannic acid solutions increased.  The degree of crosslinking was 
measured indirectly by evaluating the thermal denaturation temperature, surface 
topography, and elastic modulus of each of the substrate .  The results indicated that there 
was a significant difference in the denaturation temp rature with every 10-fold increase 
in the concentration of tannic acid used for crosslinking.  Temperature values ranged 
from 55ºC (control) to 68ºC (1.0% solution), and standard error values were relatively 
small (≤1.30), implying that degree of crosslinking was consistent in all experimental 
groups.  SEM images of collagen membrane morphology showed that the visible network 
of collagen fibers was only apparent in the group crosslinked with 0.1% tannic acid and 
not with the 1.0% solution.  These differences could be attributed to compaction of fibers 
into a more dense substrate as the available crosslinking sites become more saturated. 
Additionally, apparent modulus continued to increase  the concentration of tannic acid 
crosslinking solutions increased.  Essentially, values for modulus of elasticity increased 
by an order of magnitude with every 10-fold increase in the concentration of each tannic 
acid crosslinking solution.  After HPLC analysis, it appeared there may have been an 
interaction occurring between the tannic acid and a component of the culture system.  
Data implies that the release profile of tannic acid from crosslinked collagen coatings was 
not linear; however, additional data is necessary to establish a better trend with which 
more accurate predictions concerning tannic acid releas  from degrading crosslinked 
collagen membranes can be made.  
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Data regarding changes in cell behavior in the presence of tannic acid was also 
obtained.  Absorbance values of the alamarBlue® fluorescent dye, which increased as the 
metabolic activity of cells increased, suggested that annic acid inhibited the proliferation 
of D1 cells more quickly and at lower concentrations than when applied to the MCF-7 
cells.  On a more promising note, although the changes in metabolic activity of D1 cells 
in all experimental conditions were significantly different than the controls, metabolic 
activity did not actually begin to decline until the concentration reached 50mg/L.  Results 
indicated that the toxic effects of tannic acid to differentiated D1 cells were much less 
severe, as there were no significant differences in absorbance values at any of the time 
points resulting from the 50mg/L culture conditions.   
When seeded on collagen coatings, it appeared that the 0.1% tannic acid 
crosslinking solution slowed the activity of MCF-7 cells while still allowing proliferation 
of D1 cells, though the proliferation rate was still ignificantly different than the controls.  
MCF-7 cells on collagen membranes crosslinked in a 0.1% solution were more 
metabolically active than cells seeded on uncrosslinked substrates.  Therefore, it is likely 
that the tannic acid in these conditions was not sufficient to cause a cytotoxic effect but 
was sufficient in creating a stiffer and therefore more favorable substrate (as 
demonstrated by atomic force microscopy).  
 Data reported that the concentration of triglycerid  detected in culture medium 
samples following cell lysis continued to decline as the amount of tannic acid in the 
culture increased.  However, results were not significantly different until the 
concentration of the tannic acid crosslinking soluti n reached 0.1%.  Based on the images 
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following Oil-Red-O staining, the amount of red-staining lipid appeared to decrease as 
the concentration of tannic acid crosslinking soluti ns increased.  
 Following studies to determine the extent of apoptotic activity in MCF-7 cells 
treated in tannic acid, it was deduced that there was no significant difference in the level 
of caspase-3 activity in either of the experimental conditions when compared to the 
control.  Although absorbance values between the experimental groups and the control 
were not significant, this could have been a result of a poorly chosen time point and not 
necessarily of ineffective apoptosis-inducing activity of tannic acid.  Similarly, limited 
apoptotic activity was evident in cultures containing either 50mg/L or 100mg/L tannic 
acid following immunofluorescence staining of phosphatidylserine.  Apoptotic cells were 
only seen in the 100mg/L experimental condition; however, there were rarely more than 
one or two noticeable apoptotic cells per well in the 96 well plates. 
 Lastly, cells seeded on collagen membranes crosslinked in a 0.01% solution of 
tannic acid were significantly less stiff than D1 cells seeded on uncrosslinked 
membranes.  Variability in the stiffness values likely resulted from the relative 
confluency of cells in the immediate area.    
Based on the results of the aforementioned studies, th re is potential for tannic 
acid and derivatives of tannic acid to be included in a minimally-invasive breast 
reconstruction device.  It is unclear whether tannic acid is strong enough to produce a 
desired cytotoxic effect in malignant cells while still allowing proliferation of normal, 
healthy cells; however there may be an opportunity to use tannic acid as a differentiation 
control mechanism within the system if cells can recover their differentiation potential 
following tannic acid removal from the culture environment.  The minimally-invasive 
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breast reconstruction device that has been proposed is a complex system, which will 
likely be comprised of a variety of cell and material components.  As the effectiveness of 
this injectable device continues to be improved, the appropriate timing of tannic acid 
release, if any, in the reconstruction series can be identified.   
 
Recommendations 
 Further evaluation of tannic acid and other plant t nins may be necessary to fully 
understand the potential for galloyl-glucose based natural compounds in the challenge to 
create a minimally-invasive breast tissue engineered d vice.  Since two-dimensional 
scaffolds have been constructed and characterized, fabrication of three-dimensional 
collagen scaffolds should be considered.  Once a procedure for the production of collagen 
bead structures is in place, beads can be altered with a variety of anti-cancer compounds 
with the ability to crosslink proteins.  Since HPLC methods did not incorporate a 
deproteinization step, further studies should be conducted to evaluate the amount of 
tannic acid that leaches out of collagen into cell u ture medium, while avoiding tannin-
protein interactions in the culture system.   
 Though mature adipocytes and adipogenic precursor cells are the likely 
candidates for regeneration of breast tissue, the most effective cell source is still being 
sought out and explored.  Mature adipocytes are terminally differentiated cells and are 
thus not proliferative as are stem cells and preadipocytes, but they may act as a temporary 
bulking agent in the initial phases of reconstruction.  Because mature adipocytes are less 
likely to be susceptible to the cytotoxic effects of tannin compounds, perhaps they can be 
coupled with tannic acid crosslinked collagen scaffolds in the breast tissue engineered 
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composite system.  The quantity and timing of mature adipocytes into the system should 
be evaluated further.   
 Tannic acid did appear to inhibit the differentiation of D1 cells as seen by lower 
concentrations of triglyceride within the cells.  D1 cells should be evaluated for their 
ability to recover their adipogenic differentiation potential once tannic acid is removed 
from the culture system.  If so, tannic acid might be a good candidate as a differentiation 
control mechanism, which will keep preadipocytes in a proliferative phase. 
 If additional studies support the potential for tannic acid and/or related tannin 
complexes in breast tissue engineered devices, three-dimensional crosslinked collagen 
scaffolds can be further explored in more relevant cul ure conditions, such as with the 
addition of collagenases.  With continued success, these tannic acid crosslinked collagen 
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